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2Abstract
The E lectron Spin Resonance spectra of radica ls prepared fro m  compounds 
derived from  N -a ry l substituted hydroxylamines have been studied. The prep­
arative details together w ith  certa in  analytical evidence in  favour of the proposed 
structures are given.
The coupling constants have been obtained and show that, in  one series of 
compounds, hyperconjugative coupling between remote parts of the molecule 
takes place, A s te ric  effect has been observed fro m  rad ica ls derived fro m  
N-ortho-methylphenylhydroxylam ines while the effect o f other rin g  substituents 
has also been considered. The effect of the second N-substituent on the coup­
lin g  constants has been studied and is  seen to have lit t le  effect on the re la tive  
spin densities of the arom atic proton and n itroxide nitrogen nucle i.
A fte r an introductory section and one devoted to the basic theory, a section 
is  included which describes the construction and use of a spectrom eter*
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S E C T IO N  1
This thesis includes an account of w ork undertaken to investigate the electron 
spin resonance (ESR) spectra of various organic free  rad ica ls. The w ork is  con­
veniently considered in  three parts: (a) the construction of an ESR spectrom eter,
(b) the preparation o f the free  rad ica ls, and (c) the in terpretation of the ESR 
spectra. The thesis also includes a section giving some of the basic theory of 
ESR.
The construction and use of an ESR spectrom eter is  reported, the design being 
that of a conventional radio-frequency fie ld  modulated instrum ent. C ertain sim ­
p lifica tions in  design are described, which were made possible by the re s tric te d  
nature of a ll the rad ica ls investigated, w hile a high fie ld  homogeneity fo r a sm all 
(4  inch ) magnet was made necessary due to the narrowness of the hyperfine 
structure in  many of the spectra. Detailed descriptions of the c irc u its  constructed 
are given, together w ith  b rie f accounts of some of the com m ercial equipment ob­
tained and b u ilt into the spectrom eter. Nearly a ll the ESR spectra considered 
were run on th is  equipment. I t  is  stated in  the text where another instrum ent v/as 
used.
The preparation of the various free  radica ls followed s im ila r routes in  each 
case. N, N disubstituted hydroxylamines w ith  the general form ula A r M(QH)R 
were prepared fro m  various N -arylhydroxylam ines A r NH OH. Oxidation removed 
the lab ile  hydroxyl hydrogen to produce n itroxide free  radica ls A r NOR w ith  one un­
paired electron per molecule located classica lly  in  the oxygen. Conjugation w ith
the arom atic rin g  ensures the s ta b ility  of these species. A ll the radica ls studied 
were of th is  fo rm , the group R depending on the compounds used to condense w ith  
the arom atic hydroxylam ines.
The condensing compounds were: acetone and deuterated acetone, arom atic 
iso-cyanates, phenyl-chloroform ate and benzoic anhydride* W ith the f ir s t  three 
of these, arom atic hydroxylamines w ith  rin g  substituents as w e ll as the basic 
phenyl compound were used w hile in  the la tte r cases only the basic phenyl com­
pounds were prepared.
As a ll the preparations involved the in itia l form ation o f one of twelve N - 
arylhydroxylam ines, a section on the preparation of these ra the r unstable compounds 
is  given. The preparations o f the subsequent ’condensation products* are dealt 
w ith  under separate sections together w ith  certa in  analytical evidence in  support of 
the various proposed structures.
The re lated free  radica ls were a ll form ed by the m ild  oxidation of the conden­
sation products in  chloroform  solution w ith  ammoniacal s ilv e r n itra te . The only 
radica ls previously reported and studied by ESR were some of those prepared fro m  
acetone.
The fin a l p a rt o f the w ork is  the investigation o f the ESR spectra. These are 
considered under d iffe ren t sections, the d ivisions being dictated by the various con­
densing agents used to give the d iffe ren t N-substituent groups, R , However, the
spectra a ll had some s im ila ritie s  in  that th e ir hyperfine structures indicated a 
strong coupling of the im paired electron to one nitrogen nucleus w ith  a sm alle r 
coupling to the attached arom atic rin g  protons. A  section is  devoted to compar­
ing the resu lts from  the various d iffe ren t compounds.
S E C T IO N  2
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1. GENERAL
The theory of electron spin resonance (ESR) has been extensively treated in  
review  fo rm  (1, 2) -  only those parts of i t  which are essential fo r the understand­
ing of the systems under consideration w ill be given in  the present section*
H ;
2. PRINCIPLES OF ESR
In a ll paramagnetic m ateria ls there exist one o r more unpaired electrons 
per molecule in  addition to the more ’normal* paired electrons of the bonding, 
’covalent’ o r ’ionic* type, as w e ll as the closed shell electrons and the non­
bonding p and 7T systems.
In ESR, only transitions involving the energy states of the unpaired electrons 
are d ire c tly  observable, and consequently only paramagnetic m ateria ls may be 
studied by the technique* Among the many classes of such compounds are 
organic and inorganic free  rad ica ls, some inorganic c rysta lline  m ateria ls, the 
products o f irra d ia tio n  of solids and sem isolids, conduction electrons in  m etals, 
tr ip le t state molecules and some bio log ica l systems. Of these, only the f irs t, 
namely organic free  rad ica ls, w ill be considered in  the present thesis.
A free  electron has a spin angular momentum 8 = v/s (s  + 1 ) t—r ,  where s = J 
is  the spin quantum number and h is  Planck’s constant. Associated w ith  th is  is  
a magnetic moment JU = -g&  Js{s  + 1), where g is  the spectroscopic sp littin g
"  S r
factor which for the free electron has the value 2.0023 (3) and /3 is the Bohrf
*“20Magneton which takes the value of 0.92732 x 10 erg per gauss (4),
In an applied fie ld  H gauss (this un it should, s tric tly , be the oersted, how­
ever the less accurate but more usual ’gauss’ w ill be used in  the present w ork 
fo r the magnetic fie ld  strength), the magnetic moment orients its e lf such that its  
component in  the fie ld  d ire c tio n a l^  takes up the value ~g0  m g, where m g is  the 
magnetic spin quantum number and which fo r a single electron can only take the 
values The energy associated w ith  the magnetic moment in  the fie ld  is 
given by -  J A and can only take the two values -Jg^j' H.
The d irection of the spin angular momentum and the magnetic moment Q
w ill precess about the fie ld  d irection  w ith  the Larm or frequency
/ • g  _  — —  =  /  J a u S .  \  u  ______a j \
V L  4 H me { h } { )
The energy difference / \  E between the two orientations of the magnetic 
moment in the fie ld  is c lea rly  2jjf£{= g^jH  and transitions between these two 
states w ill be associated w ith  the em ission o r absorption of radiation of frequency 
Y ), such that
h "0= g-3H-------------------------- (2)
which is  seen to be the same as that o f the Larm or precession.
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If, to the electron in  the magnetic fie ld , radiation is  applied w ith  its  magnetic 
vector polarised perpendicular to the fie ld  d irection, i t  is  possible to induce trans­
itions between the two energy states*
These transitions, in  the fup! and in  the TdownT direction, w ill take place w ith  
equal p robab ility . However, due to the norm al Boltzmann d istribu tion  of popul­
ations in  d iffe ren t energy levels, the number of transitions actually taking place 
in  the up d irection  -  that is from  lower to higher energies -  w ill predominate and 
a net absorption of energy from  the incident rad ia tion w ill take place. This net 
absorption w ill continue u n til the populations in  the two levels are equal when the 
system is  said to have become saturated. If, however, by some means the the r­
m al equilibrium  fo r non-saturation can be maintained, then the absorption of 
energy could continue indefin ite ly. The excess population in  the higher energy 
state loses its  energy by various non-radiative transitions back to the ground 
state, thus enabling absorption of incident radiation to continue. Mechanisms 
fo r these relaxation processes are described la te r in  th is  section.
I f  the applied radiation has frequency "\) and the fie ld  magnitude is  low er than 
is  required fo r equation (2) to be satisfied then no resonance w ill be observed. On 
slow ly ra is ing  the value of the fie ld , the Larm or frequency increases u n til, at the 
resonant value of H, the applied radiation couples w ith  the precessing magnetic 
dipoles and transitions take place, being observed in  practice as an absorption of 
radiation.
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I t  is  convenient to w ork w ith  magnetic fie ld  strengths of about 3,200 gauss; 
the corresponding radiation frequencies are about 95 300 M c/s in  the microwave 
region of the spectrum.
The main param eters which may be extracted from  ESR spectra a re :-
(a) Fine structure
(b) g value
(c) Hyperfine structure
(d) Line shapes and widths
3. FINE STRUCTURE
The fine structure is  the te rm  given to the spectral lines produced by the 
sp litting  of the electronic spin levels in  the molecule in  the absence of an applied 
fie ld . This is  observable only when there are more than one unpaired electrons 
per molecule and is  therefore unimportant in  free  rad ica l studies. I t  w ill not be 
considered fu rth e r,
4. g VALUE
The spectroscopic sp litting  facto r, o r g-value, determ ines the centre of the 
resonance in  term s of the ra tio  of the m icrowave frequency S) and the magnetic 
fie ld  H. In inorganic compounds, large varia tions in  the g-value are obtained 
resulting from  varia tions in  sp in /o rb it coupling* However, its  magnitude lie s
w ith in  1% of the free electron value of 2.0023 in  a ll organic free  radica ls contain­
ing only firs t-ro w  elements. I t  is  therefore a ra ther non-specific and unim port­
ant param eter in  the present w ork. The details of a determ ination o f g are given 
in  Appendix I  fo r one rad ica l and i t  is  confirm ed here that a ll others lie  w ith in  the 
above mentioned range.
5. HYPERFINE STRUCTURE
The hyperfine structure and sp littin g  is  by fa r the most im portant param eter 
in  th is  w ork and w ill be considered in  some de ta il.
In the second pa rt of the present section i t  was shown that the basic ESR phen­
omenon could be expressed by the equation h -\) = g^0H. This gives rise  to a spect­
rum  consisting of one line and examples of th is  may be observed, in  pa rticu la r w ith  
stable free radicals in the solid phase, e .g . diphenyl p ic ry l hydrazyl (DPPH).
Hyperfine sp litting  in  molecules arises from  the in teraction of the im paired 
electron w ith  neighbouring magnetic nuclei, a table of the more im portant is  given 
(Table 1 ), and may be observed i f  the free  radica ls are studied in  d ilute solution, 
the solvent being diamagnetic.
There are two main hyperfine effects which may be described as the ’d ipole- 
dipole* o r anisotropic hyperfine interaction and the fF e rm i contact1 o r iso trop ic 
hyperfine interaction.
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Table 1
Table of Some Magnetic Nuclei
Nucleus Natural Abundance (%) Spin Quantum Number
1H 99.98 1/2
2b 1.56 x l0 ~ 2 1
13c 1.1 1/2
14n 99. 6 1
15ttN 0,36 1/2
17o 3.7 x 10*"2 5/2
33s 0.76 3/2
35C1 74.5 3/2
37c i 24.6 3/2
79B r 50,6 3/2
87B r 49.4 3/2
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The f irs t, the anisotropic interaction, arises fro m  the effect over space of 
the magnetic moment of the nucleus under consideration upon the magnetic mom­
ent of the unpaired electron. The energy of interaction may be given in  the fo rm  
B(3cos2^9 ~ l), where Q  is  the angle between a fixed d irection in  sp ace and
an axis jo in ing the two dipoles w ith in  the molecule and B is  d ire c tly  proportional 
3to l / r  , r  being the distance between the two dipoles.
The mean value of Scos^Q -l may be shown to be zero, so that i f  the molecule 
is  randomly tum bling in  a ll d irections fo r a sufficient period the axis w ill point 
through a ll equal surface elements of a un it sphere w ith  equal p roba b ility , h i 
th is  event, the Hamiltonian interaction energy ^ re d u c e s  to zero in  value.
This is  the situation which arises in  solutions of su ffic ien tly  low v iscosity to 
allow the tum bling motion of the paramagnetic molecules to average the Hamilton­
ian function to zero during the re laxation tim e of the unpaired e lectron. In order 
to s im p lify  the effects due to hyperfine in teraction nearly a ll the present w ork has 
been carried  out using solutions in  low v iscosity  solvents at room  tem perature.
The second hyperfine effect -  the Ferm i contact o r isotrop ic in teraction -  
arises from  the d irec t contact of the unpaired electron w ith  the various nuclei in  
the molecule. For th is  contact to be made the unpaired electron must have a 
fin ite  probability of being in  the s atomic o rb ita ls  of the nuclei in  question, th is  
being due to the fact that only s o rb ita ls  have fin ite  electron densities at the 
nuclear s ite .
The interaction of electron and nucleus by th is  contact process is d irec tion - 
independent and does not therefore average to zero w ith rap id  m olecular tum bling. 
I t  is  th is isotropic hyperfine interaction which is  d ire c tly  observable in  the ESR 
spectra of organic free radica ls in  solution, and is  used to provide inform ation 
about the magnetic environment of the unpaired e lectron’s o rb ita l.
The interaction energy is  w ritte n  as
where £  (r) is  the D irac delta function o f the distance r  between the electron and 
the nucleus and has zero value when r  is  non-zero, S is  the electron spin quantum 
number and I  the nuclear spin quantum number.
The equation may be re w ritten  as
where $ is  the magnetogyric ra tio  of the nucleus and y  (°) *s the p robab ility  of 
finding the electron at the nucleus, th is  being the property of chem ical in te rest.
W riting  th is  equation as
then in  a magnetic fie ld  the values of S and I  which are relevant to the present
2
K = A £ U
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problem are given by mg and m^. For an ESR tra ns ition  j / \  mg |=  1, that is  
from  a state m = +£ to and! A  m I = 0, the to ta l spin Ham iltonian (ignoring
S I A j
anisotropy) is
%  Total = f HomS + A m smI
and
A  E 4 ( ( +) -)%-) = gySH0(+i -  (-i)) + A(+i -  (-4))^ ! = g^Ho + Am j 
The effect of a magnetic nucleus w ith  spin = I  can now be seen.
Taking one nucleus w ith I  = J, i.e . m .^ = -J , i t  can be seen that there w ill be 
two values of / \ E  -  that is  two transitions w ith  energies given by
A E 1 = g ^ H Q + 4A
and
A F 2 = g p o -  JA
It was seen (equation 2) that the m icrowave frequency and the magnetic fie ld  
strength were d ire c tly  proportional and hence we can re w rite  these equations as
A E = h ^  = g f i K ± 4 A
and therefore the two values of magnetic fie ld  corresponding to a resonance at 
constant frequency \ )  are
H =  (h -0 * 4  A)g p  K 2 ;
This is convenient due to the re la tive  ease w ith which the fie ld  may be varied and 
the frequency kept constant.
2
8 / f  Y  (Q )
For free  rad ica l species, A = g p ( ) is  considerably sm alle r than
h ^  -  i.e .  about 1% o r less -  and consequently the magnetic fie lds in  the two 
cases are s im ila r which means that the Boltzmann d istribu tion  in  the two cases 
is  also the same -  hence the probab ilities of the transitions and th e ir intensities 
w ill be equal.
AThe separation between the two components of the doublet so form ed is
2 v
and i t  is  seen to be d ire c tly  proportional to y  (°)«
For two equivalent nuclei w ith  I  = § there w ill be three ways of w ritin g  the 
to ta l m^ value -  that is  +1 (spins ++), 0 (spins + -  o r -  +) and -1 (spins —).
Thus three d iffe ren t values of / \  E and H may be w ritte n , v is
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Once more the A , E values are separated from  each other by A the contact in te r­
action constant, o r when considering a changing magnetic fie ld  by A /g ^ , but in  
th is  case the central trans ition  is  tw ice as probable and hence resu lts  in  a line 
tw ice as intense as the outer two. This is  due to there being two ways of com - 
bining the spins fo r )  zn_ = 0 but one way only fo r the values -  1.
In th is  manner i t  may be shown that fo r n equivalent spin I  *  \  nuclei, there 
w ill be n+ 1 hyperfine components, separated from  each other by A the in teraction 
constant centred on the o rig in a l unperturbed (g ^H Q) position and w ith  intensity 
d istributions follow ing the binom ial series.
I t  may also be shown that fo r one nucleus per molecule w ith  1 = 1 there w ill 
resu lt three equal in tensity hyperfine components w ith  separations equal to  th e ir 
interaction constants. In general there w ill be (2nl + 1) components resu lting 
from  n equivalent nuclei w ith  spins = I.
When there are two o r more groups of non-equivalent nuclei the Ham iltonian 
has to include components fro m  each group. Thus
H = Spo + \  “ id) + A2 ^ V ) +
from  which it  is  clear that fo r every hyperfine component of nucleus (1) there 
w ill be 2n I .  + i  components fro m  nucleus (2) and so on. The to ta l number 
of hyperfine lines (neglecting accidental degeneracies) is  /T.(2n.I. + 1) fo r i  setsi i i
o f d iffe rent nucle i.
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Having described the effect hyperfine interactions have on the spectra, a 
short account of the mechanisms of these interactions is  now given. •
Configurational Interaction
3h a highly conjugated free rad ica l such as an arom atic anion where there is  
a large degree of electronic delocalisation w ith in  a J \  system, an unpaired elec­
tro n  should, in  p rinc ip le , be able w ith  ease to spread its e lf over a considerable 
number of atoms w ith in  that m olecule. I f  the unpaired electron o rb ita l extends 
to the TX system and is  delocalised w ith in  it, there is  no d ire c t way in  which if  
may in teract w ith  nuclei to give isotrop ic hyperfine structure f due to there being 
a node in  the TX o rb ita l along the nuclear plane. However, i t  is  w e ll known (5) 
that in  such molecules a large isotropic hyperfine in teraction w ith  the rin g  protons 
is  observed. The mechanism used to explain th is  is  configurational in teraction.
Assume an unpaired electron to be situated in  a p o rb ita l o f an sp carbon
atom. The ground-state wave function o f the p electron w ill not be capable of
2m ixing w ith  those bonding sp electrons. However, i f  the excited-states are 
considered, admixing o f the various wave functions becomes possible and a pa rt 
of the unpaired e le c tro n ^ o rb ita l wave function is  present in  the carbon s-atom ic
24
o rb ita l. This has a fin ite  density at the carbon nucleus and explains how the ob-
13served hyperfine coupling to the rin g  C nuclei (6) may take place. Coup­
ling  to the attached rin g  protons is  also possible due to the overlap of the hydrogen 
s -o rb ita l w ith the carbon sp2 lobe to fo rm  a $  bond. This has a fin ite  electron 
density at the hydrogen nucleus and, due to the admixing of ground and excited 
states mentioned above, th is  configurational in teraction does enable the im paired 
electron to in te ract iso trop ica lly  w ith  the various rin g  protons.
According to the now w idely accepted equation a ^  = Q p  (7) the isotrop ic 
proton hyperfine interaction (a^), known also as the coupling constant, is  seen 
to be d ire c tly  proportional to the unpaired electron spin density ip) at the carbon 
atom* Q is  an approximate constant w ith  a value ly ing between about 22 and 28 
gauss fo r most arom atic hydrocarbons.
This coupling constant, measured in  gauss, is  re lated to the hyperfine in te r­
action energy (A) by the equation a^ = A /g p  and is  the param eter measured and 
quoted in  th is  present w ork.
In the case of radica ls containing hetero atoms, the re la tion  between the
coupling constant (a) and the spin density (p) on any p a rticu la r nucleus is  not so
simple as w ith  hydrocarbons. However the coupling constant to a nucleus is
2s till d ire c tly  proportional to y  (o) and therefore has meaning i f  the values to 
corresponding nuclei in  re lated compounds only are compared.
25
Hyperconjugation
The effect on the ESR spectrum of a m ethyl group as an arom atic rin g  sub­
stituent is now considered.
In practice there is  ample evidence ( 0, 8 and 10} to show that the coup­
ling  constants of such j3  protons is  comparable to those of the replaced 0 ( rin g  
protons and any proposed mechanism must take into account the magnitude of 
the em pirica l values of the coupling constants.
The concept assumes an overlap of the planar J \ o rb ita l (2p7t of the contig­
uous carbon atom) w ith a pseudo T \  o rb ita l consisting of the three m ethyl proton 
1 s o rb ita ls . Any unpaired electron spin density in  the carbon p -o rb ita l is  
therefore able to delocalise onto the m ethyl proton system where i t  is  able to 
in teract m agnetically w ith  the protons by the Ferm i contact process mentioned 
above. This produces an iso trop ic in teraction which does not average to zero 
e ither by the molecule’s tum bling o r by the m ethyl group’s ro ta ting  re la tive  to 
the re st of the m olecule.
9
Unhindered methyl groups rotate rap id ly (10 c /s  is  norm al at room  tem per­
ature) and th is  tim e averages the coupling to each proton of the group and a ll be­
come equivalent. The effect is  to produce a hyperfine sp littin g  and a 1:3:3:1 
quartet is  produced in  place of the arom atic proton’s doublet.
The coupling constant fo r a given nucleus was shown e a rlie r in  th is  section
fo r hydrogen in  a molecule it  is  reasonable to assume that the wave function
the spin o rb it coupling rem ains constant and ensures that the g value is  unaltered. 
The ra tio  o f the coupling constants of deuterium and hydrogen at equivalent mole­
cu lar sites is therefore given by :-
Substitution w ith  deuterium  thus reduces the coupling constant by a facto r of 
greater than s ix . The number of components, on the other hand, increases from  
two to three due to the difference in  the value of I, causing a reduction in  the 
spectral in tensity of individual components.
This is  a convenient way of identifying an assignment fo r a given coupling 
constant and has been used frequently.
6. LINE WIDTHS AND LINE SHAPES
to obey an equation of the fo rm  A On substituting deuterium
2(Y  (°)) of the unpaired electron at the nucleus rem ains the same. Likewise
•\> = YjP = U D x _jK
^ 1  *D A'h
The shape o f an ESR line  a ris ing  fro m  a fre e -ra d ica l in  solution is  Lorentzian 
(11) and is  described by a p lo t of absorption intensity (g (\)~ \)0)) against frequency 
(})) satisfying the equation:-
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where T is  the line  w idth param eter which has the dimensions of tim e . The 
line w idth at ha lf height is  2 /T  (It is  convenient to use frequency ( \ ) ) ra ther 
than magnetic fie ld  (E) in th is  context, i t  was seen e a rlie r that they are equival­
ent).
Instrum entally, the f ir s t  derivative of the absorption intensity is  displayed 
and the w idth between the extrema (the points o f maximum and m inim um slope 
on the absorption -  frequency curve) is  2/J3 T^ -  being the dimension re fe rred  
to as the line w idth in  the present w ork.
The line  w idth param eter has two main components, T and T* re lated by
X a
1 1 1the equation —— = —— + y  . T is  known as the sp in -la ttice  re laxation 
2 1 2 1 
tim e and is  a measure of the rate at which the system reapproaches the Boltz­
mann d is tribu tion  of spin populations, a fte r its  having been disturbed.
In practice th is  means that fo r narrow lines (large values o f T^) there is  a 
tendency to saturate the system if  too large a microwave power is  used, because 
the rate at which the energy levels are forced towards a state o f equal populations 
is  only opposed by the spin la ttice  re laxation tim e .
The second component o f the line w idth param eter is  the transverse re laxa­
tion  tim e T T , which is  a measure of any fluctuations in  the positions of the energy£d
levels involved. I t  measures the rate at which the electron magnetic dipoles,
processing about the fie ld , lose th e ir phase re lationship and is  greatly affected 
by the homogeneity of the applied magnetic fie ld . The greater the varia tion  of 
instantaneous fie ld  strength over the volume of the sample w ith in  the absorption 
cavity, the sm alle r w ill be the value of T ’^ (and hence T,j)f T being constant,and 
the greater w ill be the line w idth. One attempts, therefore, to make the fie ld  
homogeneity su ffic ien tly  uniform  fo r other line broadening mechanisms to pre­
dominate.
If has jus t been shown that the homogeneity of the applied magnetic fie ld  may 
have an im portant broadening effect on EBB lines, however other factors do con­
trib u te  and may broaden the lines suffic ien tly  fo r resolution of the individual com­
ponents to be los t com pletely.
I t  has been shown (12) that the effect of dissolved oxygen on the line  widths 
is  most marked, broadening the component hyperfine structure many hundred 
tim es. The mechanism by which oxygen (a tr ip le t state molecule w ith  two im­
paired electrons) broadens the hyperfine components is  v ia  an exchange process 
between the magnetic dipoles. This is  complex and affects both T^ and T* , 
Exchange broadening of the hyperfine components of an ESR spectrum fo r a free 
rad ica l in  solution is  also to be seen when the concentration of the rad ica l is  in ­
creased to the point when the dipole-dipole interaction between unpaired electrons 
in  neighbouring molecules becomes suffic ien tly great.
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These two effects must be avoided if  w e ll resolved spectra are to be studied, 
hence i t  is  essential that the rad ica l solutions be thoroughly deoxygenated and be 
suffic ien tly  d iluted w ith  a diamagnetic solvent to reduce the exchange effects.
The effect of a viscous solution slowing down the Brownian movement of the 
radica ls and so exhibiting some anisotropic hyperfine structure has been de­
scribed. Any anisotropic structure present w ill have the effect of smearing out 
the iso trop ic lines and re su lt in  a net broadening of the spectrum . A t room  temp­
erature most of the common organic solvents are su ffic ien tly non-viscous fo r the 
anisotropic effect to be neglig ible.
The last process that can affect the broadness of the lines and hence the re ­
solution of fin e ly  spaced hyperfine components is M odulation broadening*. This 
arises due to the experim ental convenience of modulating the static magnetic 
fie ld  at a frequency of the order of 100 kc /s . I f  the amplitude of the modulation 
exceeds about one th ird  o f the line w idth then a broadened line w ill re su lt, L ike­
w ise, i f  the line  w idth (measured in  frequency units) is  comparable to 100 kc /s  
then broadening due to unresolved sidebands at that frequency w ill re su lt. As 
th is  corresponds (in fie ld  units) to about 35 m illigauss i t  has an insign ificant 
effect on the lines compared w ith  other processes, e .g . inhomogeneities in  the 
fie ld .
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I t  is  seen that a compromise between high sensitiv ity (large modulation) and 
high resolution must be found in  each individual case. A compromise is  also 
found between sensitiv ity  and resolution in  the optimum concentration of the 
rad ica l solution (see above).
Having considered how the re laxation tim es affect the line w idth, i t  is  now 
w orth examining the p ractica l effect on spectra of line  widths which are compar­
able to the line  separations.
Instrum entaiiy the derivative of the absorption curve is  displayed giving a 
p lo t o f the slope of the absorption envelope. F ig . 1 shows the re la tion  between 
a Lorentzian shaped line  and its  f ir s t  deriva tive . In  F ig . 2 three cases w ith 
d iffe ren t line w id th /lin e  separation ra tios  have been illus tra ted  w ith  th e ir corres­
ponding derivative curves. It is  c lea r that it  is only when the separation (a) is  
very nearly the same as the w idth (w) that resolution is  com pletely lo s t. In the 
cases where a is  less than w but greater than zero, the resultant line is  broader 
than the components but does not have the gross d isto rtion  seen when a approx­
im ately equals w .
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F ig . 1 Lorentzian Line and F irs t D erivative
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F irs t D erivative 
Curves
Absorption Curves
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<b)
(c)
F ig . 2 Line W idth/L ine Separation Variations
S E C T IO N  3
EXPERIMENTAL PROCEDURE
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1* SAMPLE PREPARATION 
P urifica tion  of Solvents
The solvent used in  nearly a ll the ESR sample preparations was dioxan, 
which was pu rified  ca re fu lly . The procedure was as fallows
Into a 250 m l fla sk  was placed 150 -  200 m l of dioxan (B ,D ,H , Laborat­
ory Reagent quality) and about 3 -  5 g of sodium. The m ixture was 
heated and the solvent refluxed fo r about 30 -  45 minutes when it  was 
allowed to cool. The liqu id  was filte re d  o ff fro m  a brown re s in  into 
another fla sk  and the re fluxing repeated w ith  fresh  sodium fo r a fu r­
the r 15 -  30 m inutes. In general no fu rth e r form ation of re s in  was 
observed. The pure dioxan was d is tille d  o ff d ire c tly  fro m  the m ixture, 
the apparatus having been flushed through w ith  nitrogen, and stored in  
a dark bottle under nitrogen. The last 20% of liq u id  was not d is tille d  
to avoid concentrating any peroxides which may have been present.
The dioxan so prepared was used w ithout any fu rth e r p u rifica tio n .
Other solvents that have been used are chloroform , tetrahydrofuran and 
dimethoxy-ethane. These solvents were of the standard la b o ra to ry  Reagent’ 
quality and were pu rified  as required.
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Solution Preparation
Due to the sm all volume of sample required fo r ESE and due to the low con­
centration of rad ica ls necessary fo r the good resolution o f the hyperfine structure, 
the actual quantity of free  rad ica l that was required fo r any sample was m inute, 
i.e . a few m illig ra m s at m ost.
For a ll the rad ica ls which were stable in  the solid phase, the solution pre­
paration followed the same procedure.
About 5 m illig ra m s of the pu rified  condensation compound was dissolved in  
about 3 -  5 m l o f chloroform  and the solution shaken w ith  ammoniacal s ilve r 
n itra te  solution fo r a period of five  m inutes to several hours, according to the 
rate of oxidation o f the p a rticu la r compound* When no fu rth e r darkening of the 
solution was observed, a portion of the non-aqueous layer was pipetted out, filte re d  
and evaporated to  dryness at room  tem perature.
The red  residue, e ither in  the fo rm  of minute crysta ls o r an o il, was then 
placed in  a vacuum desiccator and dried fo r a period o f ha lf an hour. It was d is­
solved in  a sm all quantity of the pu rified  dioxan and was then ready to be deoxy­
genated.
For those rad ica ls which were unstable in  the solid  phase, the procedure was 
m odified; a solution o f the free  rad ica l in  chloroform  was prepared as before,
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pipetted o ff and filte re d . This solution was then shaken w ith  anhydrous sodium 
sulphate and re filte re d . The solution, depending on its  concentration, was par­
t ia lly  evaporated and a portion of it  diluted w ith  the pure dioxan. This solution 
was then ready fo r deoxygenation.
Cleaning; of Specimen Tubes
The specimen tubes used and described la te r in  the section were made of 
fused s ilic a . T he ir thorough cleaning was essential and the procedure used is  
described below. Even new tubes were cleaned before use and, in  th e ir case, 
’blank1 runs were ca rried  out in  the g = 2 region to ensure there were no highly 
absorbing rad ica l species trapped in  the s ilica .
The tubes were rinsed fou r o r five  tim es w ith  chloroform  and a fu rthe r 
three tim es w ith  acetone and tw ice w ith  d is tille d  w ater. They were then heated 
to red-heat in  a Bunsen flam e, more especially in  the region to be inserted in  the 
cavity, and allowed to cool in  a desiccator.
When the rins in g  w ith  wafer had not been adequate o r when some organic 
species, free  rad ica l o r otherwise, was le ft in  the tube before heating, break­
down occurred fo rm ing  an opaque layer of carbon on the inside of the tubes.
This glows b rig h tly  at red heat where a perfectly clean tube glows red only at 
the bubbles and other sm all flaws in  the s ilic a .
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When a layer of carbon form ed i t  was removed by adding a few drops of con­
centrated n itr ic  acid and heating to red-heat* A fte r rins ing  thoroughly w ith  water 
and drying as above, these tubes were found to be com pletely ra d ica l-fre e .
Deoxygenation o f Solutions
A diagram  of the apparatus used fo r the deoxygenation of the samples is  
shown in  F ig . 3. The quartz specimen holder was attached v ia  a short piece of 
PVC tubing to a length of 7 -  8 cm of ’pyrex’ glass tube. This, in  tu rn , was 
connected to a ’Q u ickfit’ tube w ith  a B .7  cone v ia  another piece of PVC. To en­
sure that the connections were com pletely a ir-tig h t, the glass and quartz tubes 
were gently heated before being pushed into the PVC. The whole of th is  speci­
men tube assembly was then attached to the re st of the apparatus by a B . 7 socket 
on the head piece, which fitte d  into a bo iling  tube shaped container by a B . 19/26 
connection. A lso fro m  the headpiece ran a connection v ia  a length of pressure 
tubing to a tap, a trap  and a vacuum pump.
The free  rad ica l solution in  dioxan prepared above was placed in  the appara­
tus, and, w ith  the tap shut, the pump was turned on. The tap was care fu lly  
opened u n til sm all bubbles w ith in  the solution f ir s t  appeared when i t  was immed­
ia te ly closed again. W ith the tap shut, the whole apparatus was gently shaken, 
inducing the solution to b o il. A fte r i t  had settled down, the tap was ca re fu lly  
opened once m ore and the process repeated two o r three tim es. W ith a lit t le  
experience and care i t  was possible to avoid the solution dum ping’ .
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F ig . 3 Deoxygenation Equipment
39
The apparatus was then tipped w ith  the tap shut so that the solution was able 
to run down into the specimen tube assembly. Further bo iling  of the solution at 
the junctions of the various tubes in  general occurred, but as th is  helped the de­
oxygenation no attempt was made to reduce it .  When the solution in  the specimen 
tube reached a height of fou r to five  cm, the ’pyrex1 tube was flam e sealed. The 
specimen was then ready to be placed in  the ESR spectrom eter.
In the design o f the apparatus, a detachable bulb was fitte d  to  enable the de­
oxygenation of the solvent to be completed before the addition of the solid free  
ra d ica l. This was fe lt necessary by analogy w ith  w ork done on B ,P ,P .K , which 
scavenges the paramagnetic oxygen in  the solution and holds it  firm ly  enough to
j
make deoxygenation by the above procedure im possible. However, w ith  a ll the 
species examined, the scavenging effect was c le a rly  sm all and deoxygenation of 
the solutions d ire c tly  proved to be perfectly adequate,
2, THE USE OF *FREMYIS SALT1 AS A REFERENCE
If was decided that, fo r the purposes of determ ining hyperfine sp littin g  con­
stants and approximate Tg* values, a reference should be run before and a fte r 
the actual spectrum . However, i t  was found more convenient to seal a reference 
rad ica l, in  a cap illa ry  tube, in  w ith  the deoxygenated sample solution. The fille d  
and sealed cap illa ries , th e ir length being about seven cm, were placed in  the 
specimen tubes before deoxygenation of the sample. As only the low er 3 cm of
the specimen actually enters the m icrowave cavity, i t  was found quite simple to 
shake the cap illa ry  containing the reference to  the top of the specimen tube where 
i t  was held by ’surface tension’ and, by th is  means, it  was possible to obtain 
spectra of the sample unaffected by the presence of the reference. Having ob­
tained these spectra, the cap illa ry  could be shaken down to the bottom of the tube 
and the sample and reference spectra run together.
The choice of a suitable reference rad ica l depended on several facto rs.
These are lis ted  below.
The ESB lines of the reference should be :-
(i) sharp
(ii) w e ll separated and not too numerous
( iii)  easily made and at least moderately stable
(iv) the ’g’ value approxim ately equal to 2
(v) strongly absorbing.
The reference decided upon was Frem y’s Salt -  the tr iv ia l name fo r potassium 
peroxylamine disulphonate, K (SO ) NO. The aqueous solution of th is  givesO jU
three sharp, equal in tensity lines centred at g = 2.0054 ( -  0,0004) (13) w ith  line
-3widths of about 0,3 gauss fo r a ir-sa tu ra ted solutions of concentration about 10 
m o le s /litre  and separations of 13.05 ( -  0.03) gauss (14),
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This rad ica l satisfied the five  conditions set out above, but has the slight 
disadvantage that, being in  an aqueous solution, it  tends to decrease the Q o f the 
spectrom eter cavity . However, by using a su ffic ien tly  narrow cap illa ry  to con­
ta in  it, th is  effect is  sm all and tubes w ith  inside diameters of about 0.5 mm were 
used w ith  success.
It was found that the aqueous solution required potassium carbonate (about 
0.1 M olar) to stab ilise the ra d ica l. Such solutions were found to be quite suitable 
as reference solutions fo r a period of several days, o r weeks even, when prepared 
in  the presence of a ir ,
3. THE SPECTROMETER
General
The ESR spectrom eter, a 100 kc /s  fie ld  modulated instrum ent, followed a 
conventional design which was found to be adequate fo r the free rad ica l systems 
which were studied. The design of the X-band microwave bridge and electronics 
is  illu s tra ted  in  F ig . 4e
As was seen in  Hie section devoted to theore tica l ESR considerations, to ex­
h ib it the iso trop ic hyperfine structure, one requires the sample to be in  a d ilu te 
low viscosity solution. This almost com pletely lim its  one to w ork at room  temp­
erature o r above and, because the radica ls were a ll stable, fo r at least a few
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hours, no irra d ia tio n  o r ’flow -through1 techniques were necessary* These con­
siderations greatly s im p lified  the design of the cavity*
The re la tive ly  sm all size of the cavity that was found to be adequate enabled 
a ra ther narrow er magnetic gap w idth than is  norm al to be used, w ith  consequently 
improved fie ld  homogeneity.
As a ll the samples had to ta l hyperfine structures not exceeding about 40 to 
50 gauss, a fa ir ly  simple magnetic fie ld  sweep generator was found quite satis­
facto ry.
The detection and display units were kept as sim ple as possible which nec­
essa rily  led to a s ligh tly  lower sen s itiv ity . However, as nearly a ll the spectra 
had sharp and intense lines, th is  was found to be not a c ru c ia l lim ita tio n  in  most 
cases.
The fin a l s im p lifica tion  that was made was the e lim ination of a microwave 
frequency s ta b ilise r. The klystron  used had a good sho rt-te rm  s ta b ility  and it  
was found, in  practice, that, over the period required fo r the average spectrum 
run, the frequency was essentially constant.
A more detailed discussion of the spectrom eter design fo llow s.
Microwave Bridge
It is  seen that a cavity tuned k lystron (E.M .X. L td ., type CV 3246) in  a 
Wayne K e rr L td . cavity o sc illa to r (type S381) coupled m icrowave power in  both 
d irections along the waveguide. The to ta l power available was between 15 and 
35 m illiw a tts . To cool the k lystron  a sm all mains operated blower w ith  a tube 
one foot, s ix  inches in  length and one inch in  diam eter attached was used, the 
la tte r being necessary as a 50 c /s  magnetic modulation of the m icrowave power 
appeared when the blower was positioned too close to the k lystron .
The power supply fo r the k lystron  was the ’Becca Universal K lystron Power 
Supply’, type MW 59. This was set up to give stabilised voltages of between 
185 -  200 V on the re fle c to r plate and a resonator voltage of 300. The heater 
voltage was also stabilised and set to 6. 3 V .
The specification of s ta b ility  fo r these supplies is  given as:- less than 0 .IY  
varia tion  on the re fle c to r, less than 0.5 Y varia tion  on the resonator, and less 
than 0.25 V on the heater, fo r a -  10% mains supply change.
Follow ing the k lystron  was a M illia rds tuneable iso la tor, type L  324 w ith  a 
reverse attenuation of about 21 dB and a Wayne K e rr L td , variable attenuator. 
The fo rm er was added to prevent the k lystron  frequency fro m  being ’pu lled ’ when 
tuning the bridge and the attenuator was added to avoid any saturation effects 
which may occur. In practice saturation was seldom, i f  ever, observed.
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The power then entered a ’M agic-tee’ where i t  divided equally along the 
E -  and H -  arm s. In the H -  arm  was a tuneable stub and the sample re flection  
cavity. The la tte r was designed to w ork in  the ^node at a frequency of
9300 M c/s .
A  more detailed consideration of the design of the cavity is  given la te r in  the 
section.
The purpose of the stub was to give a degree of varia tion  in  the coupling of 
the bridge w ith  the cavity . The ir is  diaphragm was made w ith  a coupling hole 
and its  corresponding coupling constant, which was s ligh tly  too la rge . An approx­
imate optimum size of hole was determ ined experim entally by making a series of 
irise s  and soldering them, in  tu rn , onto the cavity.
When co rrec tly  tuned and coupled, no power should be re flected back to the 
M agic-tee. This condition was achieved by modulation of the k lystron  output 
w ith a saw-tooth waveform of 900 c /s  applied to the re fle c to r p la te . The output 
mode fro m  the k lystron  was displayed by connecting the output c rys ta l d ire c tly  to 
the video a m p lifie r of a M u lla rd type L lO l/3  double beam oscilloscope. W ith 
the attenuation in  the bridge-balance arm  at a maximum (20 dB) the oscilloscope 
thus displayed the k lystron  mode as re flected from  the cavity and ir is  only and, 
by tuning the k lystron  cavity, i t  was possible to b rin g  the sample cavity absorp­
tion  to the centre of the displayed mode, The appearance of the oscilloscope 
display should resemble Fig.Sa at th is  stage.
(a) Correctly tuned
K_S\ (b) Coupling too large
Y
(c) Coupling too sm all
(d) Incorrect phasing
47
Figs.5b and c show the appearance when the cavity coupling was too large o r 
too sm all* It  is  seen that, at the frequency of cavity resonance, there is  no 
microwave power at the detector c rys ta l and the optimum condition of coupling is  
achieved*
It is  necessary to allow a sm all m icrowave power to be incident on the detec­
to r c rys ta l to bias it  at the point on its  working curve where there is  maximum 
conversion effic iency. The B .C . current passing through the c rys ta l, under 
these conditions, and w ith  a load of 500 ohms should be about 50 m icro  amps.
The curren t depends on the type of crys ta l used and w ith  an E .M .I*  L td ., type 
GY 2155, the above value is  found to give the best re su lts .
To achieve th is  biassing condition i t  was necessary f ir s t ly  to reduce the am­
plitude of the source modulation to zero, keeping the m inim um  of the cavity ab­
sorption in  the m iddle of the oscilloscope screen by sm all adjustments of the re ­
fle c to r voltage, and then to reduce the attenuation in  the balance arm  of the bridge, 
un til the cu rren t in  the detector c rys ta l rose to the required value.
By switching on the source modulation again, the klystron  mode -  cavity ab­
sorption display on the oscilloscope was, in  general, d istorted (see F ig . 5d ). 
Adjustment o f the phase in  the bridge balance arm  re-established the sym m etry 
of the display and, in  so doing, brought the spectrom eter to the co rrect condition 
to give pure absorption spectra* The phase adjustment was made by term ina ting
the arm  w ith  a tuneable short c irc u it. By reducing the amplitude of modulation 
to zero once more and keeping the cavity absorption dip in  the centre of the trace 
as before, the bridge was then set up co rre c tly .
E lectronics
The block diagram of the spectrom eter in  F ig , 4 shows the various units 
that are necessary outside the microwave bridge. These are conveniently con­
sidered in  fou r groups:-
(a) F ie ld  modulation supply
(b) Detection and display
(c) F ie ld  supply and sweep un it
(d) Magnet
The power supplies used were three Racal Engineering L td , Stabilised Power 
Units, type PV 156, These gave 300 vo lts w ith  a regulation of -  0,1%.
(a) F ie ld  Modulation Supply
The fie ld  modulation supply consists of three units -  the 100 kc /s  o sc illa to r 
generator, the phase sh ifte r and the power a m p lifie r.
The c irc u it fo r the 100 kc /s  generator is  shown in  F ig , 6 and is seen to 
consist of a standard c rys ta l regulated ’C o lp itis ’ o sc illa to r.
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No attempt was made to tem perature-stabilise the crysta l as the frequency 
band pass of a ll the units but the phase sensitive detector were su ffic ien tly  broad 
fo r no effect to be observed and, as both the signal and reference to the detector 
a rrive  in d ire c tly  fro m  the o sc illa to r, any sm all frequency changes affecting both 
inputs have no effect on the fin a l B .C . output#
The output fro m  the ’C o lp itts ’ valve (peak to peak about 1 vo lt) fed the grids 
of a 12AT7 double trio de , set up as two independent cathode-follow ing c irc u its . 
The signals were then fed into 75 ohm coaxial cables, one leading d ire c tly  to  the 
phase sensitive detector as the reference, the other to the second un it of the mod­
ulation supply -  the phase shifter#
The c irc u it fo r the phase sh ifte r is  shown in  F ig . 7*
The input from  the m aster o sc illa to r (which should not exceed about 0,75 V 
peak to peak) was fed to the EF 91, connected to provide two signals w ith  a phase 
difference of 180°. A  potentiom eter (50 Kohm) in  the anode line  enabled the Re­
lative amplitude of the signals to be varied* and both were fed through 1000 p , F . 
capacitors to the grids of a 12AT7#
In the in itia l setting-up procedure the variable capacitor C on one cathode 
of the double triode  was replaced by a re s is to r whose value (33 Kohms) was the 
same as that o f the one connected to the opposite cathode. An A .C . valve vo lt­
meter was attached to point ’A 1 midway between the cathodes and earth and the
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potentiom eter in  the anode line  of the EF 91 adjusted to give a zero (in practice a 
minimum) reading* The variable capacitor C (500 p .F .) was then replaced and, 
depending on its  setting, gave any phase from  0 -  90° between tA ’ and earth*. 
Theoretically, the capacitance equivalent to  an impedance of about 33 Kohms at a 
frequency of 100 kc /s  is  only 50 p .F . but, in  practice, it  was found that i t  gave 
ra ther less than 90° phase change, hence the la rge r capacitance was inserted.
The output fro m  point 1A 1 in  the phase sh ifte r was taken d ire c tly , by coaxial 
cable to the power a m p lifie r, the c irc u it of which is  shown in  F ig . 8.
The c irc u it consisted of a buffer am p lifie r w ith  a 50 Kohrn attenuator to set 
the modulation leve l at any convenient value, and a power am p lifie r valve (type 
807). In order to lim it the valve current in  the 807 to reasonable levels, i t  was 
found necessary to bias the g rid  w ith  a 90 V d ryce ll ba tte ry. A 50 Kokm poten­
tiom eter enabled the Massing voltage to be varied  and an E -  C network isolated 
the battery fro m  the modulation leve l potentiom eter.
An L  -  C c irc u it in  the anode line of the 807 was tuned to 100 kc /s , the co il 
being a standard long-wave radio detector type w ith  about 800 turns in  the p rim a ry . 
Round the outside of th is  was coiled 11 turns of m ultistranded b e ll w ire  in  which 
was induced the re la tive ly  large radio-frequency current required fo r the fie ld  
m odulation. An r . f . thermocouple type ammeter was w ired  in  series w ith  the 
secondary co il, the current being taken fro m  th is  to the modulation c o il inside
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the m icrowave cavity by about 3 f t .  of 75 ohm coaxial w ire . The braid ing of the 
coaxial w ire  provided the re tu rn  path fo r the cu rren t. E was im portant to pre­
vent any earth loops, the only place at which th is  c irc u it was grounded being the 
coaxial socket in  the fro n t panel of the power am p lifie r console*
It  was fe lt desirable to prevent any r . f .  signal leaking fro m  the power am pli­
f ie r  onto the H .T * line  and to prevent th is  a choke was inserted above the tuned 
c irc u it. A switching device was included which enabled the anode curren t to be 
monitored while adjusting the bia3 voltage. The valve worked in  its  most lin e a r 
characte ristic when the anode curren t was 25 m* A . w ith  zero modulation level*
I
th is  drops to about 16 m* A* when the level is  at its  maximum value. The m axi­
mum radio frequency curren t output was about 2. 5 amps, which would correspond 
to a lit t le  over 3 gauss modulation amplitude; w ith  capacitive losses th is  probably 
reduces to about 2 gauss.
(b) Detection and D isplay
The units included in  the second group of the spectrom eter are the 100 kc /s  
am plifie rs and phase sensitive detector, the B .C . am p lifie r and the chart recorder 
and oscilloscope display un its .
The p ream p lifie r used in  the in itia l experiments was replaced by one made 
by H ilger & W atts L td . and used by them in  th e ir ’M icrosp in1 ESE spectrom eter. 
This had a la rg e r gain (67 dB) and a band w idth o f about 2.5 kc /s  but, more
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im portant, a higher signal/noise ra tio * To prevent any spurious effects from  
other parts of the equipment a separate ,Racalf power supply was used fo r th is  
un it alone*
The B .C . crys ta l current could be m onitored continually through an external 
c irc u it (500 ohms impedence). This was also used w ith  the c rys ta l video display 
when connected to the M allard oscilloscope as previously described*
The c irc u it fo r the subsequent am p lifie r (maximum gain about 65 dB) and 
9,0 kc /s  band w idth is  given in  Fig* 9 and consists of 2 sim ple EF 91 tuned 
stages in  series* To prevent feedback along the H .T* line  some demodulation 
was included in  the f ir s t  stage. To prevent the am p lifie r fro m  se lf-osc illa ting  
the two stages had to be w e ll screened from  each other; they were capacity ; 
coupled and a potentiom eter enabled the gain to be varied* The output, taken 
d ire c tly  to the phase sensitive detector could be m onitored continuously by a con­
nection to  a coaxial socket on the fro n t panel of the a m p lifie r. For th is  a T e l- 
equipment oscilloscope, type B 31, was used and was only disconnected w hile 
running ve ry weak absorption spectra. This was necessary as there was some 
loss of power fro m  the output of the am p lifie r by the oscilloscope.
The c irc u it diagram  fo r the phase sensitive detector (P .S .B .) is  given in  
F ig . 10. The design was based on a Schuster c irc u it (15) and was found to w ork 
sa tis fa c to rily .
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A reference 100 kc /s  signal was taken d ire c tly  fro m  the o s c illa to r and am­
p lifie d , the second stage being a 6BR7 pentode w ith  a tuned inductive anode load* 
This was the p rim a ry  o f an iro n  dust radio frequency tra nsfo rm er, the tuned 
secondary enabling two signals w ith  a phase difference of 180° to  be fed onto the 
grids of a double trio d e  (12AU7), It was essentia l tha t the tra nsfo rm er used had 
the p rim a ry  and secondary co ils  wound over separate pa rts of the core . I t  was 
found tha t, if  the secondary was wound over the p rim a ry , capacitive coupling gave 
a ve ry large difference in  the am plitudes o f the two out-of-phase signa ls. The 
difference in  am plitude w ith  the co ils  separated was not too la rge , and to  adjust 
them to the same am plitude a one megohm potentiom eter was placed across the 
grids w ith  its  s lid in g  contact connected to  the two cathodes. This point (fD !) was 
taken to  a coaxial socket on the fro n t panel of the P .S .D , console. A  reversing  
sw itch enabled the phases to be changed, a procedure used only in frequen tly,
A re s is to r netw ork in  the anode lines allowed the gains o f the two sides of the 
double trio d e  to  be equated, thus balancing the de tecto r.
The signal input fro m  the 100 kc /s  tuned a m p lifie rs  was taken through a 
coaxial lead d ire c tly  onto the g rids o f an ECO 81 valve, both halves o f w hich 
were connected in  p a ra lle l, there being a g rid  leak o f 47 Kohms to earth* The 
anodes o f th is  signal valve were connected to  the cathodes of the 12AU7 (point fDT), 
thus com pleting the de tecto r.
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The gating c irc u its  through the 12AU7 pass only signals o f exactly the same 
frequency as the reference and so provide a potentia l d ifference between ’A ’ and 
’B T, the sense and am plitude of th is  difference depending on the phase and am pli­
tude respective ly o f the signa l. The phase sh ifte r was adjusted to give a m axi­
mum output fro m  the P .S .D . The r . f .  at the anodes is  shorted to earth through
0.01 JLi F capacitors, leaving a D .C . o r slow ly changing po ten tia l w hich is  taken 
to a D .C . a m p lifie r.
The in itia l setting up o f the P .S .D . requ ires one to  know the waveform  at the 
point fD !. A coaxia l socket was provided so tha t an oscilloscope could be con­
nected w ith  ease.
A 100 kc /s  signal fro m  the c rys ta l o s c illa to r was fed in to the reference input, 
the reference le ve l being set to  a m axim um . The p rim a ry  o f the r . f .  tra nsfo rm er 
was tuned to give a maximum am plitude of the signal at ’B l . The secondary was 
then tuned s im ila rly , then the p rim a ry  again, and so on to  an optim um . A  s lig h tly  
greater am plitude at ’D ’ was obtained when the ’Reference Level’ was set at an 
interm ediate position, th is  being due, presum ably, to  saturation in  the 6BR7? The 
’Reference Leve l’ was then le ft at tha t po int and did not have to  be re -ad justed .
The waveform  was, in  general, as illu s tra te d  in  F ig , 11a. By alternate a lte ra tions 
of the ’Reference Balance’ and ’Balance’ potentiom eters, the waveform  was 
brought to  a sym m etrica l shape, illu s tra te d  in  F ig .llb , the apparent frequency 
being, o f course, 200 k c /s . The P .S .D . was then set up co rre c tly  and it  was 
found in  practice  hard ly necessary to  a lte r any o f the settings subsequently.
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The c irc u it diagram  fo r the D .C , a m p lifie r is  shown in  F ig , 12,
The D .C , signal from  the P .S .D . was fed through an R -  C filte r in g  c irc u it 
(a range o f capacitors fro m  1000 p ,F . to  4 J.4, F were included to  va ry the tim e 
constant) onto the g rids o f a cathode fo llow ing , double trio d e  (12AX7), The low 
impedence output was taken through a potentia l d ivid ing  chain (R ecorder S ensitiv ity  *) 
to  a !J second1 Honeywell C ontrols L td . Potentiom eter R ecorder. Th is was a 
centre-zero reco rd e r w ith  fu ll-s c a le  deflection given by -  5 m illiv o lts .
W ith the ^Recorder S ens itiv ity1 set to  the desired value, the potentiom eter in  
the re s is to r chain across the g rid s o f a m p lifie r was adjusted to  cen tra lise  the re ­
corder pen. Th is TZero C entring* con tro l counter balanced any asym m etry in  
the c irc u it fro m  the P .S .D .
(c) F ie ld  Supply and Sweep U nit
The u n it supplying power to the electrom agnet was a B e lix  Co. power u n it, 
type TSS 127, g iving 0 - 6 0  vo lts  and up to 6 amps continuously va ria b le . Ran­
dom fluctuations are quoted as b e tte r than 1 in  5000 fo r the norm al voltages 
(about 25 V) used,
As the supply is  voltage, ra th e r than cu rren t stab ilised, it  is  necessary to  
allow  the magnet to  warm  up to  an e q u ilib riu m  tem perature before reproducib le 
spectra can be obtained.
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The supply has both the rm a l and overload cut outs and so, to  p ro tect the 
tra n s is to rs  fro m  dangerously high ’back E .M .F .s ’ in  the event o f sudden power 
fa ilu re , a M u lla rd  diode (type SX75M) was placed across the output.
In  addition to supplying the m ain co ils  o f the magnet w ith  a constant cu rren t, 
the power u n it was also used to provide the necessary cu rren t fo r the fie ld  sweep 
u n it, the c irc u it o f which is  shown in  F ig . 13,
A  50 Kohm p recis ion  wound potentiom eter (P .X . Fox L td ,, type B 355) con­
nected across the supply of about 25 vo lts  was turned by one o f fo u r slow speed 
asynchronous e le c tric  m otors, provided by Crouzet England L td , -  th e ir speeds 
range from  8 revolutions per m inute to  1 revo lu tion  in  10 m inutes. Th is had 
the e ffect o f applying to  the base o f an OC 71 tra n s is to r a saw-tooth voltage wave­
fo rm . W ith the co lle c to r grounded, the c irc u it provided a s im ila r waveform  in  
the low er impedence e m itte r c irc u it. Th is, in  tu rn , fed onto the base o f an OC 29 
which also had a grounded c o lle c to r; the sweepcoils, approxim ately 24 ohms 
each, connected in  series provided the e m itte r load. The voltage across the load 
follow ed the same saw-tooth waveform  w ith  a s lig h t reduction in  the am plitude, 
h i the range fro m  0 to 0 ,5  amps the voltage against tim e va ria tio n  o f lin e a rity  
was 3.0% (expressed as % RMS deviation o f to ta l sweep), as measured by sam pl­
ing a fra c tio n  of the voltage and applying to a potentiom eter re co rd e r,
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F ig . 13 F ie ld  Sweep U nit
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(d) Magnet
The electrom agnet used in  the spectrom eter was a Newport 4 inch type A* 
Each c o il had about 3850 tu rns o f copperw ire w ith  resistances about 20 ohms each* 
These were connected in  p a ra lle l and requ ired about 25 vo lts  to  produce a mag­
netic fie ld  (about 3400 gauss) suitable fo r ESR at X-band,
The pole tip s  were made of polished iro n  w ith  adjustable Rose shim s and 
supplied by Newport Instrum ents Ltd*
In  o rder to  check the p a ra lle lism  of the pole tip s , a p a ir o f brass, in te rn a l 
ca llipe rs were constructed. The fie ld  was turned on and any wedge shaping ob­
served was rem oved by placing sm all s lith e rs  of copper fo il under one o r other 
o f the pole p ieces.
Once p a ra lle l, the Rose shim s had to  be checked. The optim um  position fo r 
these was calculated by Rose (16) who showed tha t the degree o f co rrectio n  was a 
function not only o f the thickness o f the shim s but also o f the gap dim ension be­
tween the tip s . F or a gap o f 3. 5cm and w ith  a shim  thickness o f 0.40 cm , the 
best homogeneity is  given by the shim s 0.10 cm above the pole tip  surfaces.
To obtain a measurement o f the homogeneity o f the fie ld , a proton magneto­
m eter was constructed (see below fo r a descrip tion  o f the c irc u it).
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W ith the proton sample at the geom etric centre of the gap and the shim s set 
to  th e ir the o re tica l position , a sm all am plitude 50 c /s  fie ld  m odulation was 
applied to  the sweep c o ils . The D .C * fie ld  was set to  about 3400 gauss -  the 
w orking value fo r E&R and the frequency of the magnetometer va rie d  u n til an ab­
sorption peak appeared on the oscilloscope. The fie ld  was then reduced to  zero 
and one o f the shim s ro tated by about 10°. The fie ld  was then turned on once 
m ore and the appearance of the absorption peak observed. By continuing th is , 
the peak was narrowed u n til a few w iggles appeared on one side o f it ;  fu rth e r im ­
provem ent o f the fie ld  resulted in  a la rg e r number o f w iggles. Once the optim um  
position fo r one shim  had been found, i.e . sym m etry had been obtained, then both 
could be varied  by about 20° each, w hile  m aintaining the sym m etry. The im ­
provem ent in  the homogeneity was not g rea tly  increased once the in itia l sym m etry 
had been achieved.
A check on the homogeneity was made by running an ESR spectrum  o f p e ry- 
lene dissolved in  concentrated sulphuric acid . The lines are 460 m illigauss 
apart (17) and were found to  be com pletely resolved.
The m agnetom eter was constructed w ith  two objectives in  m ind.
1 . To measure Tgf values and lin e  sp littin g s
2* To give a measure o f fie ld  hom ogeneity.
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rgr value and lin e  s p littin g  measurements were found to be too cumbersome 
by th is  method fo r general use but one determ ination of Tgf is  reported in  Appen­
d ix I* Its  use in  im proving the fie ld  homogeneity is  described in  d e ta il above*
The c irc u it fo r the magnetometer is  shown in  F ig , 14. It consists of a 
capacityfeedback, L  -  C tuned o s c illa to r -  the c o il being wound around a proton 
sample (a glass tube, o .d . 0,55 cm and i.d . 0*45 cm containing liq u id  p a ra ffin  
was used). The c o il was wound w ith  10 tu rns of 23 S ,W .G . copperw ire, d ire c tly  
onto the glass proton sample tube and an a ir spaced variab le  500 p .F , capacitor 
enabled the system  to  be tuned over the required frequency range, i.e . fro m  
about 11 to  15 M c /s . A  1000 ohm potentiom eter in  the cathode c irc u it o f the 
o s c illa to r valve allowed the r . f .  le ve l at the tank c o il to  be va rie d  and so avoided 
saturation effects fro m  becom ing too la rg e .
V arious stages of dem odulation in  the anode lin e  rem oved the r . f ,  and a 0.1 
m icro farad capacitor coupled the audiofrequency component to  an a .f. a m p lifie r. 
The output fro m  th is  was taken d ire c tly  to  an oscilloscope.
In o rder to  observe the NMR absorption a sm all am plitude 50 c /s  m agnetic 
fie ld  m odulation had to  be applied. The m inim um  output fro m  a m ains supplied 
V ariac connected d ire c tly  to  the sweep co ils  had an am plitude which was too large 
fo r convenient g value m easurem ents. To reduce it ,  a 40 to  1 tra n sfo rm e r was 
used, the le ve l being set when the lin e  w idth was about one quarte r of the x  dim ­
ension on the oscilloscope screen,
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F or fie ld  homogeneity checks, the transfo rm er was not necessary.
C avity Design
The cavity (see F ig . 15) consisted o f a length o f waveguide (4*53 cm ), coupled 
to the H -  arm  o f the m icrowave bridge by a diaphragm  o f th in  copper sheet 
(0,03 cm th ick) ca re fu lly  soldered on both sides, in to  which was cut a hole 0.95 
cm in  d iam eter, the edges o f which were rounded. On to the other end o f the 
cavity was soldered a polished piece o f brass sheet w hich acted as a to ta l re fle c ­
to r. Th is construction was designed to give a cavity resonating at 9300 M c /s .
The experim ental frequency, at room  tem perature and w ith  a dioxan sam ple, was 
found to  be 9306 M c /s . Th is value va ries s lig h tly  w ith  the coupling conditions, 
w ith  the size and nature o f the sam ple, and the am bient tem perature.
A t the m id-po in t of the cavity on the narrow  side was d rille d  a hole 0,6 cm 
in  diam eter, above which was soldered about 6.5 cm of brass tub ing , the inside 
diam eter beiig the same as the d rille d  hole. Th is arrangem ent enabled the sample 
tubes to  be placed in  the cavity  in  the position of maximum am plitude o f the H -  
m icrowave fie ld . The amount o f slack tha t was possible was ve ry  sm all and, 
w ith  the cavity  arranged so tha t the brass tubing was v e rtic a l, no d iffic u lty  was 
experienced position ing sample tubes which varied  s lig h tly  in  s ize .
In o rder to  modulate the m agnetic fie ld  at 100 kc /s  it  is  necessary to  place 
co ils  ca rry in g  the m odulation cu rre n t close to  the sam ple. There are two poss-
F ig . 15 A bsorption C avity
ife ilitie s * The f ir s t is  to fix  the co ils  to  the outside of the cavity and make the 
w a ll thickness such tha t i t  exceeds the skin depth at the m icrowave frequency 
and is  less than the skin depth at 100 k c /s . Th is thickness is  calculated to  be 
about 0 ,2  mm fo r brass at room  tem perature (18,19),
The second p o ss ib ility , the one tha t was chosen, is  to  place the co ils  inside 
the cavity its e lf. Here the thickness o f the w a lls is  im m a te ria l and hence the 
equipment can be made fro m  brass waveguide. The co ils  were constructed of 
fou r s tra igh t lengths o f 23 S .W .G . w ire , being as close to  the sample tube as 
possible. The w ire s passed through both o f the narrow  sides o f the waveguide, 
insulated fro m  it ,  at the corners o f squares w ith  sides o f about 0.6 cm in  
size. They were fixe d  to  the waveguide w ith  sm all amounts of ’D u ra fix ’ and 
soldered together so tha t the m odulation m agnetic fie ld  was p a ra lle l to  the extern­
a lly  applied constant fie ld .
A sim p le r system  uses only two w ires but the method described above pro­
duces a m ore un ifo rm  m odulation fie ld  over the sample volum e and a consequent 
increase in  the e ffective  s e n s itiv ity .
0 .4  iThe fie ld  strength produced by such a system  is  given by H ^ -  * mod
r
where H , is  the m odulation fie ld  in  gauss, i  , is  the cu rren t in  amperes and mod mod
r  is  h a lf the distance between the p a ra lle l w ire s . For the system  used there fore
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To exh ib it spectra w ith  no m odulation broadening H ^ (r.m . s .) m ust be 
less tlia n  about 0.3 o f the lin e  w idth at points o f maximum slope. Th is means 
tha t, fo r lines 200 m illigauss in  w idth and separation, one requ ires ^ m0(j  
about 60 mg and consequently i  ^  (r.m .s .) to  be only about 45 m illi-a m p s .
When searching fo r weak signals, however, it  is  som etimes necessary to  
use m odulation fie ld s  o f about 2 ,5  gauss re su ltin g  fro m  a cu rren t o f about 2 amps 
(r.m .s *) w hich is  the reason fo r using the ra th e r th ick  w ire  fo r the m odulation 
c o ils .
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S E C T IO N  4
PREPARATION OF N-ARYLHYPRQXYIAMINES
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1 , REVIEV/
Considerable d iffic u lty  in  the preparation of some o f the substituted N - 
arylhydroxylam ines was experienced, and several d iffe re n t methods fo r th e ir 
preparation were trie d ,
A ll the methods used depended on the reduction of the corresponding a ry l
n itro  compounds, the d iffe re n t methods employed being attem pts to  reduce the
%
ra te  of the various side reactions which may take place g iving unusable y ie lds 
of the hydroxy lam ines.
The m ore im portant o f these side effects a re :-
The A ction o f M inera l Acids
In  the presence o f m ine ra l acids, N -arylhydroxylam ines rearrange to  fo rm  
amino phenols.
NHOH
OH
The para-am ino phenol is  form ed unless the hydroxyiam ine is  already pa ra - 
substituted, in  w hich case the hydroxyl group m igrates to the ortho po sition .
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NHOH 
C l
Sulphuric acid in  alcohol can induce the fo rm ation  o f several side products 
such as p-phenetidines and p-am inodiphenyl amines (20)*
C lea rly  these reactions are fa r fro m  sim ple and some w ork has been 
attem pted to  determ ine the precise nature o f the stages involved (21).
H ydrochloric acid w ill fo rm  ortho and para chloram ines*
It  is  o f course w e ll known tha t the reduction o f n itro  compounds in  the p re­
sence o f d ilu te  acids gives a good y ie ld  o f the corresponding am ine.
O xidation E ffects
Saturated solutions o f N -arylhydroxylam ines in  benzene slow ly darken over 
a period o f 3 -  4 days in  the presence o f a ir and drople ts o f a brown o il are
C l
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form ed. Th is is  due to  the form ation  o f the corresponding n itroso  compound,
ArNHOH + O — 3*A rN O  + H_G
C l
and the subsequent condensation o f th is  w ith  fu rth e r hydroxylam ine to give an 
azoxy compound,
ArNHOH + A rN Q — 3* A r -  N = N -  A r + HnO^  2
O
A ction of D ilu te  A lk a li
A  number o f side reactions take place when the reduction o f n itro  compounds 
is  attem pted in  the presence of d ilu te  a lk a li. A zoxy-, hydrazo- and azocompounds 
may a ll be form ed (22).
It  is  seen there fore  tha t the best conditions fo r the preparation o f hyd roxyl- 
amines is  in  ’ne u tra l’ so lu tions. However, even in  the presence of d ilu te  ammon­
ium  ch lo ride  solution, the y ie ld  of some substituted hydroxylam ines can be ve ry  low .
N early a ll the methods involved the reduction o f the corresponding n itro  a ry l com­
pound by zinc in  the presence o f w ate r: A r NO + 2Zn + H Q —^  A r NHOH + 2ZnO.Cx Z
Some hydroxylam ines, e .g . p-diphenyl, appear to  se lf condense before iso­
la tion  and re c ry s ta llis a tio n  can be com pleted. In  these cases an im provem ent is  
noted if  the reduced solution is  filte re d  in to  g la c ia l acetic acid before iso la tio n  of 
the hydroxylam ine is  attem pted.
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Some hydroxylam ines are m ore easily oxidised, e „g , p-phenetyl and p - 
anisyl, and th e ir preparation there fore  has to  be m ore rap id  than other m ore 
stable compounds.
Many hydroxylam ines are m ost susceptible to  s lig h tly  acid o r basic conditions. 
In  these cases, e .g . N -m -n itro  phenylhydroxylam ine, (22) the standard zinc -  
ammonium ch lo ride -ethanol -  w ater reducing medium has to be m odified to  over­
come the inhom ogeneity in  the pH o f the reacting  m edium , A sm all quantity of 
acetic acid added before the reaction  commences im proves the e ffic iency o f the 
preparations o f these m ore d iffic u lt hydroxylam ines to usable values. This 
method is  generally applicable and has been used whenever there was any doubt 
about the best m ethod.
In  general N - a ry lh yd r oxy lam ines are unstable compounds and decompose on 
standing over a period of a few days o r weeks. I t  was m ost convenient, there­
fo re , to  use them  in  the preparation o f th e ir various condensation products 
im m ediately a fte r re c ry s ta llis a tio n  had been com pleted^while a sm all po rtion  was 
kept by fo r analysis by in fra -re d  spectrophotom etry.
On occasion, it  was necessary to  attem pt to  store a po rtion  of the hyd roxyl- 
amine fo r a short pe riod . I t  was found tha t much longer storage tim es could be 
expected fo r pure compounds which had been vacuum d rie d , to  rem ove re c ry s t­
a llisa tio n  solvents, and w hich were kept in  a re frig e ra to r. A  fa c to r o f two in
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im provem ent was noted when ju s t the la tte r precaution was attem pted* Darken­
ing was always observed when crys ta ls  o f the hydroxylam ines were kept fo r a few 
days o r longer but re p u rifica tio n  was easily  ca rrie d  out when necessary, i.e *  
ju s t before the next stage of a preparation, by washing the compound w ith  a sm all 
quantity o f benzene and subsequently re c ry s ta llis in g  fro m  hot benzene.
The presence o f a reducing group in  the products was tested in  each case by 
the action o f th e ir ch lo ro fo rm  solutions on am m oniacal s ilv e r n itra te * Rapid re ­
duction was taken as p roo f o f the existence o f the hydroxylam ine *
In  m ost cases a sample of the hydroxylam ine was tested by in fra -re d  analysis* 
The ch a ra c te ris tic  N -  H and O -  H stre tch ing bands in  the 2 .9  to  3 .2 yU region 
were used to  con firm  the presence o f hydroxylam ine*
2* PURIFICATION OF NITRO-ARYL COMPOUNDS
The various n itro -a ry l compounds used in  the preparation o f th e ir corresp­
onding hydroxylam ines were m ostly o f the 1 Laboratory ReagentT grade and 
supplied by B .D .H . L td . O thers were supplied by K och-Lights L td .
A ll the compounds, so lid  at room  tem perature, were p u rifie d  by re c ry s ta ll­
isa tion fro m  b o ilin g  ethanol then filte re d  and d rie d  at the pump. The compounds 
which were liq u id  at room  tem perature were p u rifie d  by low  pressure d is tilla tio n * 
The m a te ria ls  so prepared were reduced d ire c tly  to  fo rm  the hydroxylam ines, 
but sm all samples were kept fo r in fra -re d  analyses.
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3. PREPARATIVE DETAILS 
N~ Phenylhydroxylarnine
The preparation o f th is  compound follow ed the method of Kamm (23).
P u rifie d  nitrobenzene (62 g) was placed in  a W inchester bo ttle  w ith  w ater 
(1 litre )  and ammonium ch lo ride  (30 g). The m ixtu re  was w e ll shaken w hile  
zinc dust (75 g) was added in  1 -  2 g portions over a period o f 30 m inutes.
The tem perature o f the m ixtu re  rose but, w ith  a lit t le  cooling, it  was kept 
to  a value o f 45 -  50°C . The shaking was continued fo r a fu rth e r period o f 15 
m inutes. A mass o f w hite zinc oxide form ed which sank to  the base o f the m ix­
tu re  and was fin a lly  filte re d  o ff fro m  the w arm  liq u id . The p recip ita te  was
washed w ith  two portions of w arm  w ater (100 m l), the washings being added to
othe filtra te . The solu tion was then saturated w ith  sa lt and cooled to  0 C, at 
which tem perature it  was kept fo r a period of 20 -  30 m inutes. The yellow  
crysta ls  (30 -  40 g) thus form ed were filte re d  o ff, extracted fro m  sa lt and b rin e  
w ith  ether, then re c rys ta llise d  fro m  hot benzene.
As th is  was the m ost used o f the hydroxylam ines, being the easiest and 
cheapest to  prepare, the re la tiv e ly  la rge quantities quoted above w ere fe lt to  be 
necessary, i f  a ll o f i t  was not used w ith in  a day, the rem ainder was re c ry s ta ll­
ised an additional tim e  fro m  benzene and, as described e a rlie r, thoroughly d rie d  
and stored in  a re frig e ra to r.
W ithin two weeks the colour had darkened to a lig h t brown -  p u rifie d  c rys ta ls  
being recoverable by re c rys ta llisa tio n  fro m  benzene.
W ith in  two months the c rys ta ls  bad decomposed to  a dark brown o il,
N-p-Tolylhydroxylamine
This compound was prepared by two methods, both of which were successful.
Method A . The p-n itro to luene was reduced by sodium hydrogen sulphide by 
the method of Haworth and Lapworth (24).
P -n itroto luene (10 g) in  benzene (20 m l) was shaken w ith  a solution containing
sodium sulphide (Na S .9H  0, 68 g) w ater (50 m l) and hydroch loric acid (24.2 m l).& & ;
A lso added was a concentrated solution of calcium  ch lo ride  (10 g) in  w a te r. The 
m ixture resu lted in  an em ulsion which was m aintained by occasional shaking,
A fte r tw enty fo u r hours, so lid  ammonium ch lo ride (15 g) was added, the whole 
m ixture shaken thoroughly and filte re d . The ammonium ch lo ride  had the e ffect 
of breaking down the em ulsion and d isso lving any so lid  calcium  sa lts present.
The so lid  residue fro m  the filtra tio n  consisted m ain ly o f the N -p -to ly lh yd ro xy l- 
amine which was p u rifie d  by re c rys ta llisa tio n  fro m  benzene.
Method B . The second method employed fo r th is  compound was based on 
that described by Brand and Modersohn (25) fo r the preparation o f N -n itro - 
arylhydroxylam ines.
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P -nitroto luene (9*1 g) was dissolved in  ethanol (93% 70 m l) and w ater (30 m l) 
to which was added calcium  ch lo ride (anhydrous 2*0 g) and g la c ia l acetic acid 
(about 40 drops). The m ixtu re  was heated, ju s t to  b o ilin g , when zinc dust (10 g) 
was added in  1 g portions w ith  continuous shaking* The zinc was added at such a 
ra te  tha t the b o ilin g  was able to  be m aintained w ithout the aid o f a steam bath.
A fte r the addition was com plete, the m ixtu re  was bo iled and agitated fo r a fu rth e r 
fifte e n  m inutes and then filte re d  ho t. The precip ita ted  zinc oxide was washed 
w ith  two portions (20 m l) o f hot ethanol w hich was added to  the filtra te . The ex­
cess ethanol in  the filtra te  was then d is tille d  o ff, under reduced pressure, u n til 
the solution became cloudy when the requ ired hydroxylam ine was filte re d  fro m  
the cold liq u id , d ried , and re c rys ta llise d  fro m  benzene.
A fu rth e r crop of c rys ta ls  was obtained by fu rth e r reduction o f the filtra te  
under reduced pressure*
N -m -Tolylhydroxylam ine
Attem pts were made to  prepare N -m ~toiylkydroxylam ine by the sodium hydro­
gen sulphide method o f Haworth and Lap w orth (24) but w ithout success.
It was prepared by the method o f Kamm (23) as described above fo r N- 
phenylhydroxylam ine, the quantities used being m -n itro -to luene  (5*2 g), ammon­
ium  chloride (2.3 g), w ater (75 m l) and zinc dust (5,6 g).
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N -o-Tolylhydroxylam ine
The reduction o f o-n itro to luene by Kamm’s method (23) was successful but a 
s lig h t m odification o f procedure was necessary due to  the liq u id  nature o f the p ro­
duct,
O -nitroto luene (6,9 g) and ammonium ch lo ride (3,0 g) in  w ater (LOO m l) were
shaken fo r 30 m inutes w hile zinc dust (7.5 g) was added in  sm all p o rtio n s . The
tem perature rose ra p id ly , but was kept to  about 45°C by occasional coo ling.
Shaking was continued fo r a fu rth e r 15 m inutes a fte r the zinc had been added and
othe m ixtu re  then filte re d  w arm . The filtra te  was cooled to  O C and saturated 
w ith  sa lt when a yellow  o il was seen to be flo a tin g  on the surface. This was 
collected by ether extraction  and d rie d  over anhydrous sodium sulphate before 
rem oval o f the solvent. No p u rifica tio n  o f the product was ca rrie d  ou t.
This was one o f the hydroxylam ines, liq u id  at room  tem perature, whbh was 
encountered (see also N - 2 ,4-dim etliyl-phonylhydroxylam ine la te r in  th is  section). 
It ra p id ly  reduced am moniacal s ilv e r n itra te  and gave the ch a ra c te ris tic  in fra -re d  
band at 3.0JU due to  the OH stre tch ing mode. No sharp NH stre tch ing band was 
seen which was assumed to  be due to the influence o f an ortho substituent,
N -p-E thyl-P henylhydroxylam ine
The reduction o f p-n itro -ethylbenzcne to  fo rm  the N -hydroxylam ine was 
attempted by two m ethods.
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The fir s t method, w hich proved to  be unsuccessful, was tha t o f Kamm using 
zinc dust, ammonium ch lo ride and w ater* The second was tha t derived fro m  
Brand and Modersohn (25), described in  d e ta il fo r the preparation o f N -p - 
tolyihydroxylam ine (Method B ), and gave a y ie ld  o f nearly 70% o f the pure hydrox­
ylam ine, The quantities used were p-nitroethylbenzene (10 g) in  ethanol (70 m l) 
w ith  w ater (30 m l), calcium  ch lo ride (2 g) and 40 drops o f g la c ia l acetic acid .
To the bo ilin g  m ixtu re  zinc dust (10 g) was added over a period o f h a lf an hour,
N -p-M ethoxy and p-Fthoxy-Bhenylhydroxylam ines
These two compounds were prepared id e n tica lly  by a method described by 
R ising (26).
P-m ethoxy nitrobenzene (7*7 g) (or p-ethoxy nitrobenzene (8*3 g))was d is­
solved in  ethanol (30 m l) w ith  ammonium ch lo ride  (1 g) in  w ater (25 m l). The 
m ixture was warm ed to  65°C and, a fte r a few m inutes, zinc dust (7*5 g) was 
added* The tem perature rose ra p id ly  but v io le n t b o ilin g  was suppressed by 
cooling the reaction  vessel* F or three m inutes the m ixtu re  was shaken and then 
quickly filte re d  and the p re c ip ita te  washed w ith  hot ethanol (25 m l)* The filtra te  
was cooled in  a fre ezing  m ixtu re  and the re su ltin g  p rec ip ita te  filte re d  and washed 
w ith cold benzene to  give pure w hite c rys ta ls , which proved to  be the respective 
hydroxylam ines*
N -2,4-D im ethyl-P henylhydroxylam ine
2 .4 -d im ethyl n itro  benzene was reduced by a m odified Brand and Modersohn’s 
method (25)*
2 .4 -d im ethyl n itro  benzene (10 g) in  ethanol (70 m l) and w ater (30 m l) w ith  
calcium  ch lo ride (2 g) was heated to  b o ilin g  w ith  40 drops of g la c ia l acetic acid* 
Sine dust (10 g) was added po rtion  w ise fo r 30 m inutes and shaken fo r another
15 m inutes. A fte r being filte re d  hot and the p recip ita te  washed w ith  hot ethanol, 
the excess solvent was d is tille d  o ff, under reduced pressure, u n til the filtra te  be­
came cloudy. On cooling in  a freezing  m ixtu re  no c rys ta llin e  product would 
fo rm  and it  was concluded tha t, in  common w ith  N -o-to lylhydroxylam ine, the 
product was liq u id  at these tem peratures.
The hydroxylam ine was obtained fro m  the cloudy cold liq u id  by ether extrac­
tion , the solution being d rie d  over anhydrous sodium sulphate. Evaporation o f 
the ether yielded a yellow -orange coloured o il w hich would not c ry s ta llis e .
The hydroxylam ine was not fu rth e r p u rifie d . It  reduced am m oniacal s ilv e r 
n itra te  and gave the ch a ra c te ris tic  3R band at 3.05^>t due to  the OH stre tch ing  
mode. As w ith  H -o-to lylhydroxylam ine, no sharp NH peak was seen,
N -p-D iphenylhydroxvlam ine
The reduction o f p-diphenyi-n itro-benzene was ca rrie d  out by the method de­
scribed by G ilm an and K irb y  (27).
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P -n itro  diphenyl (5 g) in  ethanol (96%, 250 m l) was m ixed w ith  ammonium 
chloride (3 g) in  w ater (30 m l) and zinc dust (5 g) added. The m ixtu re  was shaken 
w hile the containing vessel was cooled under w a te r. Th is was continued u n til no 
fu rth e r heat was evolved (about 10 m inutes) and fu rth e r shaken fo r another 30 m in­
utes. The m ixtu re  was su c tio n -filte re d  d ire c tly  in to g la c ia l acetic acid (15 m l) 
and re filte re d  in to  w ater ( 300 m l); the re su ltin g  yellow  p rec ip ita te  was collected 
by fu rth e r filtra tio n  (th is was d iffic u lt owing to the sm a ll p a rtic le  size) and d rie d .
It was reported (G ilm an and K irby) tha t the above procedure was necessary 
due to the unusual se n s itiv ity  o f th is  hydroxylam ine to  oxidation. In itia l filtra tio n  
in to g la c ia l acetic acid seems to  repress th is  se n s itiv ity .
The in fra -re d  spectrum  of the product showed the broad OH and sharp NH 
bands, w hile  its  solution in  ch lo ro fo rm  reduced am moniacal s ilv e r n itra te .
N -l-N aphthylhydroxylam ine
Considerable d iffic u lty  was experienced in  the preparation o f th is  compound 
and several d iffe re n t methods were attem pted.
The method of Haworth and Lapworth (24) gave a brown so lid  residue, but 
any hydroxylam ine present decomposed ra p id ly  on re c ry s ta llis in g  fro m  benzene, 
form ing a dark brown o il, A  fu rth e r attem pt by th is  method, using a la rg e r bu lk 
of benzene in  the re c ry s ta llis a tio n  gave a low  y ie ld  o f pale brown c ry s ta ls .
These ve ry ra p id ly  darkened in  a ir .
The reduction o f 1-nitronaphthalene was also attem pted by zinc dust -  amm­
onium ch lo ride -  ethanol methods but w ith  the same re s u lt. The m ost successful 
method was based on tha t o f W acker (28).
1-nitronaphlhalene (10 g) dissolved in  ethanol (96%, 80 m l) and w ater (12 m l) 
was heated to  b o ilin g  w ith  ammonium ch lo ride  (15 g ). Z inc dust (15 g) was 
added and the m ixtu re  kept b o ilin g  fo r 15 m inutes before being filte re d  hot.
The p recip ita te  was washed w ith  hot ethanol, and the filtra te  d ilu ted w ith  w ater 
(200 m l) and cooled. The re su ltin g  p recip ita te  was filte re d  o ff and washed w ith  
a litt le  cold w ater, d rie d  and weighed. T h is was taken up in  ethanol (10 m l) and 
filte re d  to  rem ove 1-azoxynaphthalene, the filtra te  being poured in to  w ater (20 m l) 
and kept at G°C fo r 30 m inutes. A fte r th is  tim e the hydroxylam ine had form ed 
and was filte re d  o ff and d rie d  between filte r  papers. As the w hite c rys ta ls  were 
v is ib ly  darkening it  was decided not to  re c ry s ta llis e  but to  proceed im m ediately 
w ith  the next stage in  the preparation o f the condensation product.
A sm a ll po rtion  o f the hydroxylam ine was checked chem ically and gave a 
positive reduction to  the am m oniacal s ilv e r n itra te  te s t.
N -m -Brom o and m -C hloro Phenylhydroxylam ines
These two hydroxylam ines were prepared s im ila rly , using the fo llow ing  
method.
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M -brom o n itro  benzene (20 g) o r m ~ d ilo ro  n itro  benzene (18 g) was dissolved 
in  ethanol (96%, 60 m l) and m ixed w ith  ammonium ch lo ride (2 g) in  w ater (50 m l). 
The m ixtu re  was heated and zinc dust (15 g) added in  sm a ll quantities, su ffic ie n t 
to  keep the solution bo ilin g , w ith  constant s tirr in g  and shaking. A fte r ha lf an 
hour the hot m ixtu re  was filte re d , the p recip ita ted  zinc oxide washed w ith  hot 
ethanol ( added to  filtra te  ), cooled and sm all lum ps o f ice added to  p recip ita te  
the respective hydroxylam ines* These were filte re d  o ff, d rie d , and re c ry s ta ll­
ised fro m  hot benzene.
N -p-C hloro Phenylhydroxylam ine
The reduction o f p-chloronitrobenzene to  fo rm  the corresponding N - 
hydroxylam ine was ca rrie d  out by the method described by Bam berger and 
Baudisch (29).
A solution o f p-chloronitrobenzene (19 g) in  ethanol (96%, 100 m l) was added 
to a solution o f ammonium ch lo ride  (2 g) in  w ater (25 m l) and brought to  b o ilin g  
po in t. Z inc dust (about 35 g) was added in  1 g portions, w ith  continuous shaking, 
keeping the solu tion b o ilin g , u n til the in itia l brown colour of the liq u id  had been 
removed. The p recip ita ted  zinc oxide was filte re d  o ff fro m  the hot so lu tion and 
was washed w ith  a lit t le  hot ethanol. W ater (100 m l) was added to  the filtra te  
which was then ra p id ly  d is tilled ,un de r s lig h tly  reduced pressure, to  rem ove ex­
cess ethanol, u n til the liq u id  became cloudy. W hile hot it  was qu ick ly  filte re d , 
the p recip ita te  being washed w ith  hot w ater which was added to  the filtra te *
This was qu ickly cooled and w hite plate shaped crys ta ls  form ed which were c o ll­
ected and d rie d .
The hydroxylam ine was collected and re c rys ta llise d  fro m  ethanol. I t  had the
ch a racte ris tic  in fra -re d  spectrum  in  the 3.0 yU region and reduced am m oniacal/
s ilv e r n itra te .
N -m -N itro-P henylhydroxylam ine
This compound was prepared by the reduction o f m -dinitrobenzene by the 
method described by Brand and Modersohn (25). The de ta ils o f the method have 
already been described (see under the preparation o f N -p-to ly lhyd roxylam ine).
The quantities used were as fo llow s 5-
rn-dinitrobenzene (10 g) in  ethanol (96%, 70 m l) w ith  calcium  ch lo ride  (2 g) 
in  w ater (30 m l) and g la c ia l acetic acid (40 drops). The quantity o f zinc dust was 
14 g added over a period o f 30 m inutes.
M ra -re d  and chem ical evidence showed that the product was N -xn-n itrophenyl 
hydroxylam ine.
S E C T IO N  5
REVIEW OF THE N-HYDROXYLAMME/ACETONE 
CONDENSATION PRODUCTS
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U  . CHEMICAL EVIDENCE FOB COMPOSITION
The condensation between N-phenylhydroxylam ine and acetone was f ir s t re ­
corded by Bam berger and Rudolf (30) who suggested the stru ctu re  fo r the c rys t­
a llin e  product was
CH_
/
Ph —  N —  C
\  /  \
O C H ,
U
However, on m olecular weight grounds alone, th is  was shown to  be in co rre c t 
(31) and, in  1926, B a rfie ld  and Kenyon (32) investigating the stru ctu re  o f the com­
pound, showed tha t i t  was a substituted hydroxylam ine w ith  one o f the two fo llow ing  
possible s tru c tu re s :-
<CH3>2 0 -------- CH2   f,   CH3
Ph ^  ^  OH 0 * "  ^  Ph
(CH3)2 c ----  ch2 --------  c ------  c h3
N O  N —  n
V
Ph OH Ph
The name given to  stru ctu re  I  was B  -phenylhydroxylam ino-|g-m ethylpentane- 
£  -phenylim ine oxide, and to  n , -phenylhydroxylam ino~|3 -m ethylpentan-^ -  
oneoxime N -phenyl e th e r. The compound w ill he rea fte r be re fe rre d  to  as the
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Kenyon condensation product o r compound and substances w ith  arom atic o r a lipha tic 
substituents, as the re levant Kenyon type compounds*
The m ore im portant evidence put fo rw ard in  support o f these p o ss ib ilitie s  is  
given be low :-
(i) On oxidation of the product w ith  m oist s ilv e r oxide, only one hydrogen 
atom per m olecule is  rem oved.
( ii)  The m ono-acetyl and m ono-benzoyl de riva tives fo rm  fro m  the condensa­
tio n  product but do not fo rm  fro m  the oxidised product above.
The m ono-acetyl de riva tive  is  not oxidised by s ilv e r oxide.
Both o f these re su lts  indicate tha t there is  only one reactive  hydrogen atom 
in  the m olecule.
( iii)  A  potassium  de riva tive , C QH O N K , is  form ed which
l b  & dt
(a) on standing y ie ld s  the red oxidation compound above and
(b) reacts w ith  benzoic anhydride to  give the benzoyl deriva­
tiv e  above.
This ind icates the existence of an active hydroxyl group.
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(iv) A  chloro-base is  form ed by the action o f cold d ilu te  hydroch lo ric acid on 
the condensation product* Sm all quantities o f N -phenylhydroxylam ine, azofoenzene 
and p -ch lo roan iiine  are also produced, the la tte r two being decom position pro­
ducts o f the hydroxylam ine* Th is base, C H ONC1 decomposes in to m olecular
X £ j l o
proportions o f p -ch lo roan iline  and m e sity l oxide and form s equivalent proportions 
of p-chloroacetanilide and m e sity l oxide by the in te raction  o f acetic anhydride*
The constitu tion  of the chloro-base is  consequently given as
C _H .C l#NH.CM e_.CHn.CG Me and is  confirm ed by its  synthesis fro m  N - 
6 4 2 2
phenylhydroxylam ine, m e sity l oxide and hydroch loric acid .
2. THE ADDITION OF THE 'CONDENSATION PRODUCT1 W ITH PHENYL ISO­
CYANATE '
E is  reported (33) tha t the condensation product fo rm s, under the appropriate 
conditions, an addition compound w ith  phenyl iso-cyanate.
The suggested reaction  is
/S . /B ,
PhN + Ph-N  = C = O PhN
x OH X CO —  N(QH)Ph
which, it  is  stated, is  analogous to  the condensation of N -phenylhydroxylam ine 
w ith phenyl iso-cyanate,
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y YL H
PhN + Ph-N = 0 = 0  PhN
s OH X CO-N(OH)Ph
If  the reaction  is  by a nucleophilic attack
-V S '
Ph -  N = C = O Ph -  N = C -  O
H ^  Ph -  N « C -O ,
i / /  I
P h -N -C  N
I ^  /  \
N Lactam /Lactim  Ph OH
/  \  type tautom erism
then, by taking a substituted hydroxylam ine PhNS (OH), the analogous reaction  
would y ie ld  the compounds
-  N = C -  OR Ph -  N = C -  OPh
i I
N o r N
/  \  /  \
Ph OH R
Tautom erism  w ill not take it  to  the fin a l stage corresponding to
R PhO i O
! / ,  I
Ph -  N -  C Ph -  N -  C
! or f
N N
/  \  /  \
Ph OH R
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The only way in which the compound
OH
!
Ph -  N ~ C = O 
!
N
/  \
R Ph
could fo rm  is , the re fo re , by some mechanism other than nucleophilic attack, 
and/or by the fo rm ation  o f OH ions. The la tte r is  h ighly u n like ly  because
(i) the hydroxylam ine nitrogen is  alm ost ce rta in  to  take a 
positive  charge and hence oppose the form ation of OH and
(ii) in  the medium considered, i.e . d ry  ether o r d ry  benzene, 
the ions have litt le  chance to be stab ilised  by h igh ly po la r 
solvent m decules.
It seems, the re fo re , tha t e ith e r the mechanism is  v ia  some other route o r 
there is  not, in  fa c t, an analogous reaction .
As was m entioned e a rlie r in  th is  section (33) an addition compound has been 
reported; however, in  try in g  to  repeat th is  preparation, it  has been found com­
ple te ly unsuccessful. Even by fo llow ing  m ore detailed experim ental conditions 
(34) the only product form ed was a ta r.
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NOTE: Evidence fro m  the ESR spectra o f fre e  rad ica ls form ed fro m  the 
addition compound o f N~arylhydroxylam ine s and a ry l iso-cyanate s indicates tha t 
it  is  the hydrogen and not the hydroxyl group w hich m igrates fro m  the hydroxyl­
amine to  the iso-cyanate. Th is is  dealt w ith  in  m ore d e ta il in  a la te r section.
3. EVIDENCE FROM MODERN INSTRUMENTAL METHODS OF ANALYSIS
There are sev e ra l techniques available today, which enable the determ ination 
o r confirm ation o f the structu re  o f compounds which were not available to  B anfie ld 
and Kenyon when they presented th e ir paper on the constitu tion o f the condensation 
product. I t  was fe lt tha t, before studying the e lectron spin resonance spectra of 
the re la ted fre e  ra d ica l, some attem pt should be made to  con firm  o r to  m odify the 
structure tha t was proposed on pure ly chem ical grounds.
Possibly the m ost precise methods applied are N uclear Magnetic Resonance 
(NME) and In fra-R ed Spectrophotom etry (E t).
O ther instrum enta l measurements tha t may be made include bu lk m agnetic 
su sce p tib ility . Th is has been measured (35) on the fre e  ra d ic a l. The re su lts , 
^  = 1.73 B fo r the so lid  and jX  = 1.68 B fo r the benzene solution, are ve ry  close 
to the th e o re tica l value fo r one unpaired e lectron per m olecule {JLl = 1,73 B) and 
confirm , at least, tha t the species is  not a b i-ra d ic a l.
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Nuclear Magnetic Resonance
It was fe lt tha t the nuclear magnetic resonance spectrum  o f the condensation 
product would y ie ld  an alm ost unequivocal confirm ation of its  s tru c tu re . Th is 
proved to  be co rre c t, but the re su lts , Table 2 , in  addition had some in te re s t­
ing features which were found to be consistent w ith  the e lectron spin resonance 
spectra of the re la ted fre e  ra d ica ls .
Three spectra were obtained,for the phenyl condensation compound and fo r 
those w ith  ortho and para to ly l groups.
The spectra were run on a V arian HA10O instrum ent, the C values o f the 
various peaks are given.
The lines and groups have been lis te d  in  o rder fro m  high to low  fie ld , i.e . 
in  decreasing values.
A t th is  stage it  should be noted tha t the analysis is  in  the fo rm  of a c r itic a l 
appraisal o f the given structu re  in  the lig h t of the NMR in fo rm a tion . It is  not 
intended to  be an absolute analysis. The a lte rna tive  structu re  (I) given e a rlie r 
in  th is  section is  considered, although the two would hard ly be distinguishable by 
the NMR technique.
By inspection o f Table 2, it  w ill be seen tha t the three peaks at highest ^  
values are v irtu a lly  ide n tica l in  position  in  both the phenyl compound and tha t
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Table 2
Kenyon Compounds Values
Functional A ro m a tic  G ro u p
Group Phenyl p -T o ly l o -T o ly l
Me (L) 9*07 9*05 8.88
Me (2) A 8*63 8.64 8.69
Me (2) B 8.59 8.57 8,63
Me (3) A - 7.72 7,65
Me (3) B - 7.69 7.65
CH A 2 7.84 7.77 7.67
CEL B 2 6.88 6*76 6,60
A ry l H CO• 2 .9 2.8 Bi 2 .4
OH 2.06 2.09 1.65
CH_2 S pin/spin coupling constant = 13.0 c /s  in  a ll compounds
w ith  para m ethyl groups* As the three have equal in te nsities they are assigned 
as fo llo w s :- M e (l), £  m ethyl group, Me(2)A and Me(2)B, c< and Q  m ethyl
i
groups* The *XT values fo r the la tte r peaks (around 8.8)are in  close agreement 
w ith  the values quoted ( = 8 . 8 2 )  (36) fo r two equivalent m ethyls on carbon w ith  
one Q  -n itrogen  and one 0  -m ethylene,
* * I
The high value fo r the £  m ethyl group would seem to  be due to  its  p rox­
im ity  to  the ) (  system  o f the adjacent C = N , However, in  acetone 2 ,4  d in itro - 
phenylhydrazone (37) the two m ethyl groups p  to  a C = N have values of 
7.80 and 7.82 respective ly. A lso the adjacent methylene protons (see below) 
do not have abnorm ally high 'C  values, so tha t some other explanation has to be 
sought.
The high value recorded fo r the (~ m ethyl group can be explained if  the
group lie s  above the plane o f the arom atic rin g  (attached to  the n itrogen on the 
/*>|0  carbon) on the rem ote side o f the m olecule. In  th is  position  it  would experi­
ence a high degree o f shie ld ing fro m  the arom atic rin g  cu rren t and would be ex­
pected therefore to have the observed high value. (It should be noted that, 
s te rica lly , th is  position  fo r the £  m ethyl group is  quite possib le. I t  w ill be re ­
fe rre d  to  la te r in  the section on the in te rp re ta tio n  o f the e lectron spin resonance 
spectra of the re la ted  fre e  ra d ic a l).
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Furtherm ore, the shielding would be expected to drop if  the arom atic system  
is  tw isted, by some means, so that the £  m ethyl group no longer lie s  im m ediately 
above the rin g . This is  ju s t the situa tion  which is  observed in  the spectrum  of 
the compound w ith  rin g  ortho m ethyl groups. The C value fo r the £  m ethyl is  
seen to be sm a lle r than in  the other two cases w hile tha t fo r the c£ and /3  m ethylsf
is  essentia lly constant.
In  those compounds w ith  rin g  substituents two additional close lines are ob­
served (degenerate in  the ortho substituted case) at about X T - 7 .7 . Th is value 
is  norm al fo r rin g  m ethyl groups (38),'
The next p a rt o f the NMR spectrum  consists of fo u r sm a ll lines in  the fo rm  
of two doublets, the two inner lines being s lig h tly  m ore intense than the outer 
ones. The centre o f the group lie s  at about = 7 .4  and is  a ttribu ted  to the 
methylene group in  the po sition . There seems to be no com parable NMR 
spectrum  recorded fo r a s im ila rly  placed methylene but its  position  is  ty p ic a l.
Four lines o f th is  kind are form ed by an AB spin coupled system  and indicate 
that the two methylene hydrogens are non-equivalent, h i the proposed stru ctu re , 
as w e ll as its  a lte rna tive , th is  is  c le a rly  the case.
W ith a sp in -sp in  coupling constant o f 13 c /s  and R values fo r the two protons 
of about 7.8 and 6 ,7 , the ra tio  of / \  \ )  ^  (110 c /s ) to is  about 8 .5 . Th is
means tha t the system  is  m ore nearly AX than AB and ju s tifie s  the m easuring o f 
the values at the points at the centres of the doublets.
As additional con firm ation, the value of 13 c /s  is  typ ica l fo r gexninal 
protons separated by roughly the te trahedra l angle, (J passes fro m  O c /s  at 
125° to 32 c /s  at 100° (39) w ith  J fo r methane calculated to be (40) 12.4 c /s ).
The next feature in  the spectrum  is  the la rge , ra th e r com plex group found 
at "tT values of between 2.9  and 2 .4 . Th is is  norm al fo r phenyl groups and its  
in tensity is  consistent w ith  the ten protons on the two phenyl rin g s .
The low est fie ld  lin e  is  found a t^C  = 2.09 -  1 .65 . From  its  in tensity  it  
orig inates fro m  one proton and may be a ttribu ted  to the hydroxyl group attached 
to n itrogen. It is  seen to be ve ry sharp and is , the re fore , not lik e ly  to  be 
in tram o lecu lar hydrogen-bonded. The chem ical sh ift is  norm al fo r hydroxyl 
hydrogen but no values are recorded in  the lite ra tu re  fo r s im ila r hydroxylam ine 
groups.
From  th is  analysis it  is  seen that nothing has emerged w hich is  inconsistent 
w ith  e ith e r of the two constitutions proposed by B anfie ld and Kenyon.
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In fra -re d  Analysis
Reproductions o f the in fra -re d  spectra of the phenyl compound and m ost of 
the arom atic substituted and deuterated homologues are given in  Appendix 2 
(F igs* 33 to  39) together w ith  those o f other types o f condensation products. A 
key to  the figu res is  given at the beginning o f the appendix.
The IR  spectra were a ll ra th e r com plex and only a lim ite d  amount o f in fo r­
m ation regarding the com position o f the compounds was extracted w ith  any ease 
from  them . A short account o f the m ore im portant features is  given below .
In  a ll the compounds a broad, som etimes ra th e r intense, band is  to  be 
found in  the 3.1  -  3 . 3jA. region and is  assigned to the hydroxylam ine, OH stre tch­
ing mode.
In  o rder to  check th is , the phenyl compound dissolved in  ch lo ro fo rm  was 
shaken w ith  D O fo r fiv e  m inutes and evaporated to  dryness under vacuum .
The re su ltin g  c rys ta ls  were qu ick ly ground up in  N ujol and the in fra -re d  spectrum  
run (F ig . 34a). Th is shows c le a rly  tha t the OH band has alm ost com pletely d is ­
appeared compared w ith  the parent compound (F ig . 33a) but tha t a strong band at 
4.3ykt has form ed. The ra tio  o f the wavelengths fo r OH to  OD is  0.72 w hich 
compares favourably w ith  the ro o t o f ra tio  o f the reduced masses (0.768). I t  
may also be noted tha t the IR spectra o f two ra d ica ls  (F ig s . 33c and d) are com­
p le te ly  lacking in  these bands.
102
la  the case o f those compounds deuterated in  th e ir a lky l chain (F igs. 33b,
34d and 35b) a band at 4.48 JX is  to  be seen and is  assigned to  G -  D stre tch ing ./
The G -  H stre tch ing mode in  the undeuterated compounds is  hidden in  the strong 
fN u jo lr absorption at 3 .4  to  3 .5 y j .
The next feature is  a sharp band at 6.25JX  w ith  a s lig h tly  weaker one at 
6 ,3  to  6.35JLL assigned to  arom atic quadrant stre tch ing (41). An in te resting  
feature is  tha t w ith  para substituted compounds the low  frequency band disappears 
and w ith  m eta substitu tion the re la tive  in tensity  o f the two bands is  la rg e r than 
in  the other cases.
The strong bands in  the 12 to 14.5 J X  range due to C -  H out-of-p lane defor­
m ation, are seen and in  general correspond to  th e ir respective arom atic types.
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4 . PREPARATION OF KENYON TYPE COMPOUNDS
The chem istry of the condensation o f N -phenylhydroxylam ine w ith  acetone 
has been described (32) in  d e ta il and a discussion of the reaction  and product has 
ju s t been given. The method o f preparation described was used throughout the 
present w ork fo r the various substituted and unsubstituted compounds, it  being 
found successful in  many cases, A lis t o f those compounds prepared is  given 
in  Table 3 w ith  th e ir m e lting po in ts.
In  common w ith  the find ings o f B anfie ld and Kenyon (32) the best y ie lds Ob­
tainable arose fro m  the use o f p e rfe c tly  d ry  components, (The presence o f d ry­
ing agents in  the condensing solution did not im prove the y ie ld ).
The acetone was o f the ’A na la rf grade and before use was stored, fo r one o r 
two weeks, over anhydrous sodium sulphate. In the preparation o f the solutions 
equim olecular proportions o f acetone were filte re d  fro m  the sodium sulphate 
d ire c tly  onto the hydroxylam ines. The solutions thus form ed w ere, in  general, 
p e rfe c tly  c le a r but those cases which were cloudy were filte re d .
The bo ttled  solutions, usually straw -ye llow  in  co lour, were stored in  a re ­
frig e ra to r and d a ily  ag ita tion no rm a lly resu lted in  a sm all crop of w hite c rys ta ls  
appearing a fte r about one week. However, i f  none had appeared w ith in  about ten 
days, the bo ttle  was opened fo r a few seconds, seeding the solu tion and re su ltin g
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Table 3
Substituted Kenyon Compounds
A rom atic Group A lky l Substituent M elting Point °C
Phenyl H 132.1
Phenyl D 132.6
p -T o ly i H 149*8
p -T o ly l D 149.8
m -T o ly l H 143.6
in -T o ly l D 144.0
o -T o ly l H 105.2
p-E thylphenyl K 119.3
2 ,4-B im ethylphenyl H -
p-B iphenyl H 148-149
1-Naphthyl H -
p~Methoxyphenyl H 125.3
m - B r omophenyl H 130.0
m -N itr opheny 1 H -
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in  the p re c ip ita tio n  of hard rhomb shaped c rys ta ls . Once the c rys ta ls  had 
appeared fu rth e r ag itation was unnecessary.
The precip ita ted  c rys ta ls  grew in  size, over the fo llow ing  months, to  0 .5  cm 
o r m ore and w ere, w ith  a few exceptions, alm ost com pletely co lourless. F o r­
m ation o f the condensation products continued fo r about two to three months by 
which tim e the co lour of the solution had darkened to  a deep brown, ind ica ting  
that decom position of the o rig in a l hydrcxylam ine o r the condensation product o r 
both was taking place.
A t th is  po in t, o r e a rlie r if  necessary, the c rys ta ls  were filte re d  o ff, washed 
w ith  two o r three sm all portions o f acetone and re c rys ta llise d  tw ice fro m  ethanol.
i
The products so form ed were used, w ithout fu rth e r p u rifica tio n , in  the p re ­
paration o f the oxidised ra d ica ls and also fo r those samples used fo r IR and 
NMR analyses. Samples to be prepared fo r elem ental analyses were fu rth e r 
p u rifie d  by re c ry s ta llis in g  once from  carbon te tra ch lo rid e  and fin a lly  once m ore 
from  ethanol. Table 4 gives the re su lts  o f these analyses.
It  was noted tha t, in  common w ith  the observation of B anfie ld and Kenyon on 
the phenyl compound, the large rhom bs appeared com pletely stable but the sm a lle r 
crysta ls , re su ltin g  fro m  the re c rys ta llisa tio n  from  alcohol, in  general darkened 
s lig h tly  over the period of a few m onths.
Table 4 
Kenyon Compound Analyses
A rom atic Group
Theory % Found % *
C H N C H N
Phenyl 72*45 7.43 9.39 72.34 7.57 9.48
P henyl* * 69,86
(H + B) 
10.74 9.05 69.79
(H + B) 
10.34 9.17
m -T o ly l 73,59 8.03 8.58 73,47 7.98 8.56
p -T o ly l * * 71.17
(H + B) 
11,05 8, 30 71.31
(H + B) 
10.69 8,72
p-E thylphenyl 74.54 8.53 7.90 74.46 8.43 7.86
p - Methoxypheny 1 67.02 7,31 7,82 67,21 7.48 7.78
m -Brom ophenyl 47.39 4,42
B r
35.04
6.14 46.51 4.01
B r
35,56
6.64
p-B iphenyl 79.97 6.71 6.22 79.47 6.88 6.60
R esults fro m  A lfre d  Bernhardt o f the M ax-P lanck- 
In s titu t fttr  Kohlenforschung -  M illhe im *
Compounds deuterated in  th e ir a lky l chain*
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Some compounds were form ed fro m  D-6 acetone and were prepared in  an 
iden tica l way, the deuterated acetone used having an iso top ic p u rity  greater than 
99.5% (CEBA).
In  the preparation of the p a rtia lly  deuterated compounds, it  was noted tha t 
the form ation o f the c rys ta llin e  product, as judged by its  f ir s t appearance, was 
some two and one h a lf tim es slow er than w ith  the corresponding fu lly  protonated 
species. I t  seems tha t litt le  in fo rm ation o f im portance regarding the mechanism 
of the condensation can be gained fro m  th is  observed isotop ic e ffect as there 
would be three separate facto rs affecting the ra te  o f the re a c tio n ;-
(i) A  P rim a ry  E ffect is  due to the ra te  depending on a C -  D
cleavage.
(ii)  A  Secondary E ffect would be present as there are deuterated
groups in  the end product.
( iii)  A  Solvent E ffe c t. The ra te  w ill be affected due to  the so lven ts
being deuterated.
It is  c le a r tha t, w ith  so many facto rs influencing the ra te  o f fo rm ation of 
the product, any evidence fo r a possible mechanism would be a m a jor undertaking.
It is  in te re stin g  to  notice that Beckmann and Scheiber (42) prepared only the 
phenyl, p - and m -tc ly l and 1-naphthyl compounds, other a ry l hydroxyl am ines
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were e ith e r not attem pted o r d id not fo rm . It was fe lt tha t a w orthw hile p ro je c t 
would be to  investigate the e ffect an ortho-m ethyl group has on the condensation.
A lso prepared and examined were those compounds w ith  para-m ethoxy and 
m eta-brom o substituents on the phenyl rin g s . The compound derived fro m  para- 
chloro phenylhydroxylam ine was prepared, hard glassy rhombs appearing m ixed 
w ith  yellow  needles, but it  decomposed on re c ry s ta llis a tio n . Th is was not pu r­
sued fu rth e r though Tudos e t a l (43) re p o rt tha t they were successful in  re c ry s t- 
a llis in g  the compound by fir s t m echanically sorting  the glassy condensation p ro­
duct fro m  the yellow  needles o f p-chloroazoxybenzene.
As mentioned in  an e a rlie r section, considerable d iffic u lty  was experienced 
in  the synthesis o f the 1-naphtkyl hydr oxylam ine, However, enough o f the 1- 
naphthyl condensation product was made to obtain ESB. spectra.
P reparation of the Free Radicals
A ll the ra d ica ls  were prepared in  the fo llow ing  iden tica l w ay:-
A solution (about 0.1 M olar but th is  was not c ritic a l) o f the re c rys ta llise d  
condensation product in  ch lo ro fo rm  was added to an am m oniacal s ilv e r n itra te  
solution in  a conica l fla s k . The m ixtu re was shaken continuously fo r tw elve 
hours, by which tim e the non-aqueous la ye r had become a deep orange red  
co lour. A po rtion  o f th is  was pipetted o ff, shaken once w ith  d is tille d  w ater
from  w hich it  was subsequently separated, and allowed to  evaporate. The re ­
su lting  m a te ria l which was e ith e r in  the fo rm  o f a red  o il o r m inute red  crys ta ls  
was then d rie d  under vacuum fo r ha lf an hour before being dissolved in  1:4 
dicxan. The re su ltin g  so lu tion was then ready fo r deoxygenation in  the prepar­
ation of the ESR sam ples. Th is was described in  greater de ta il in  a previous 
section under "E xperim ental P rocedure".
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E .S .B . STUDIES OF KENYON COMPOUNDS
I l l
1, A  REVIEW OF THE ESP, SPECTRA
In  the in itia l stages w hile  the subject o f ESR was developing, the Kenyon 
ra d ica l was one of the fir s t param agnetic organic substances to be studied (44) 
and u n til d ip hen yl-p icry l-h yd ra zy l (DPPH) was examined (45) the Kenyon ra d ica l 
was the m ost h ighly absorbing species known,
In 1957 van Roggen, van Roggen and Gordy(46)examined the benzene solution
of the ra d ica l and reported a hyperfine structu re  of th ree , broad, equally intense
14lines a ris in g  fro m  the in te raction  of the unpaired e lectron w ith  one N nucleus 
and having a coupling constant of 13.5 gauss.
The present w ork was commenced w ith  th is  background in  m ind and it  was 
decided to  attem pt to examine any proton hyperfine structu re  which had previously 
not been reported .
Two papers have, subsequently, been published w ith  de ta ils of the proton 
hyperfine structu re  and it  is  the purpose of th is  w ork to  show tha t the in te rp re t­
ation o f the spectra in  these papers is  not e n tire ly  co rre c t.
The f ir s t re p o rt o f the proton hyperfine structu re  of the (unsubstituted)
Kenyon ra d ica l was given by Buchachenko (47) who in te rp re ted  the stru ctu re  in  
term s o f the fiv e  arom atic protons attached to  the n itrox ide  group, but also to  
the eight closest a lky l p rotons. The analysis was inconsistent w ith in  its e lf, the
number of hyperfine components reported being too few fo r the number o f protons 
said to  be involved.
The only other reported w ork on the proton hyperfine structu re  is  tha t o f 
Tudos, Heidt and E ro (43) who have examined eleven re la ted compounds w ith  
d iffe re n t rin g  substituents. The ESR data was only given fo r the one (unsubstit­
uted phenyl) compound, and was substantia lly the same as tha t given la te r in  th is  
section. The assignments w ere, once m ore, only p a rtia lly  c o rre c t. The m ain 
structu re , a quarte t, was assigned to the equivalent ortho and para arom atic 
protons; th is , it  is  seen la te r in  th is  section, is  in  lin e  w ith  w ork on other aro­
m atic n itro x id e s . However, the ’superhyperfine! s tru ctu re  was assigned to  the 
meta arom atic protons and to five  equivalent a lipha tic protons, L im ited  relation 
of a m ethyl group was given as the reason fo r the non equivalence o f a ll eight 
closest protons but th is  is  hard to understand on two counts:-
(i) In tu itiv e ly  it  is  fe lt tha t the methylene, not the m ethyl group, is  
m ore lik e ly  to  be lim ite d  in  its  ro ta tio n .
( ii) Coupling o f the unpaired e lectron to  these protons, by what mech­
anism  is  not disclosed, would not be com pletely e lim inated by any 
lim ita tio n  o f the ro ta tio n . Indeed, any coupling to these protons 
seems u n like ly  by com parison w ith  w ork on t-b u ty l substituted n itr­
oxides (see la te r in  th is  section).
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2. ESE SPECTRA
The E8E spectra o f the Kenyon type compounds are given in  th is  section 
(F igs, 16 -  24), a key to  the figu res (Table 5) ind ica ting  those spectra w hich 
were run on an instrum ent other than tha t described in  Section 3, To d istingu ish 
them , the sym bol !100X! is  used fo r the la tte r instrum ent, w hile  ’M .S . 1 is  used 
fo r the com m ercia l instrum ent, the H ilg e r and W atts L td . M icrosp in , which was 
employed in  ce rta in  cases. The spectra are a ll presented w ith  the m agnetic 
fie ld  decreasing fro m  le ft to rig h t and, to  indicate the scale in  each case, 5 gauss 
m arkers are included.
Table 6 presents the coupling constants in  gauss fo r the re levant magnetic 
nucle i and once m ore the instrum ent used in  each case is  ind icated. A lso in ­
cluded in  Table 6 is  the ra tio , fo r each determ ination, of the coupling constants 
of nitrogen to those o f the ortho and para arom atic protons.
Table 5
Key to  Spectra o f Kenyon type Radicals
F ig* No. A rom atic Group A lky lsubstituents Instrum ent used
18 Phenyl H 100X
17 Phenyl B 100X
18 Phenyl H 100X *
19a p -T o ly l H 100X
19b p -T o ly l D 100X
20a m -T o ly l H 1Q0X
20b m -T o ly l D M*S.
21a 1-Naphthyl H 100X
21b o -T o ly l H 100X
22 2,4  D im ethylphenyl H M .S .
23a p-E thylphenyl H M .S .
23b p - Methoxyphenyl H 100X
24a rn-Brom ophenyl H 100X
24b p^-Biphenyl H 100X
* one-sixth  o f spectrum  shown w ith  the o re tica l reconstruction
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Table 8
Coupling Constants of Kenyon Radicals
A ry l
Group
A
lk
yl
aN
gauss
aop
gauss
am
gauss
a. _ __ CH3
gauss
W idth
gauss
In
st
ru
m
en
t aN
aop
Ph H 12,28-0.09 2.36*0,04 0.42*0.01 0, 21* 0.01 a 5.20
Ph H 12.27*0.08 2.37*0.06 - 0.42*0.02 - b 5.18
Ph « D 12.21*0,14 2.35*0.05 0.87*0.02 - 0.40*0,01 a 5.20
Ph D 12.25*0,21 2.37*0.13 0,96*0.02 .. - - b 5.17
p-To H 12.47*0.16 2.43*0.06 - 0.42*0.02 - b 5.13
p-To H 12.48*0.13 2.52*0.07 - 0.42*0.02 - b* 4.95
p-To D 12.39*0.10 2.48*0,01 0.90*0.04 *■ 0.56*0.04 a 4.99
p-To D 12.33*0.14 2.42*0.10 0.89*0.03 - -  ' b 5.09
m -To H 12,27*0.07 2.38*0.02 - 0.40*0.01 - b 5.16
m -To D 12.32*0.03 2.41*0.06 0,83 - - a 5.12
m -To D 12.28*0,12 2.37*0.04 0.78*0.02 - - b 5.18
o—To H 13,99*0.14 0.79*0.02 0.79*0.02 - - b 17.7
2 ,4 -D i- 
M e-Ph
H 13.87*0.06 - - - 2,88*0,15 a -
p -E t-P h H 12,22*0.04 2.41*0,06 - 0.42*0.01 0.2 a 5.07
p-M e-O -
Ph
H 12.8 * 0.1 2.65*0.08 - /V  0.37 - b 4.84
m -B r-P h H 12.1 *0 .4 2.6  *0 .08 - - - b 4.66
p -D i-p h H 11.82*0.01 2,68*0.18 t\J 0.47 - - b 4.41
1-Naphth H 13.65*0.10 - - - A J  2.3 b -
m -N itro H 11.59*0,11 2.53*0.11 - - - a 4.59
* in Tetrahydrofuran a = M.S. b — 1Q0X Ph — Phenyl
To = Tolyl Me = Methyl Et = Ethyl Br = Bromo
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Fig. 16 ESR Spectrum of Phenyl Kenyon Radical
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Fig. 17 ESR Spectrum of Partially Deuterated
Phenyl Kenyon Radical
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am = ° -87 *
aC II3 = ° ' 42 g 
1 cm  = 0.91 g
F ig . 18 P a rt o f ESR spectrum  o f Phenyl Kenyon R adical, and 
reconstructed spectrum .
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F ig . 19 ESR Spectrum of
(a) p -T o ly l Kenyon R adical
(b) Deuterated p -T o ly l Kenyon R adical
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. Fig. 20 ESR spectrum of ,
(a) m-Tolyl Kenyon Radical
(b) The Partially Deuterated Radical
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F ig . 21 ESR Spectrum o f „ : '
(a) 1-Naphthyl Kenyon R adical
(b) o -T o ly l Kenyon R adical
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Fig. 22 ESR Spectrum of 2,4 dime thy lphenyl Kenyon Radical
F ig . 23 ESR Spectrum o f
(a) p-E thylphenyl Kenyon R adical
(b) p-M ethoxyphenyl Kenyon R adical
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F ig . 24 ESR Spectrum of
(a) m -Brom ophenyl Kenyon R adical
(b) p-D iphenyl Kenyon R adical
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3. DISCUSSION OF COUPLING CONSTANTS
It was seen in  the previous section tha t the instrum enta l investigations o f 
these condensation compounds confirm s the stru ctu re  tha t was proposed by 
B anfie ld and Kenyon (32) on pure ly chem ical grounds. The re su lts  o f the e le­
m ental analyses, where attem pted, o f the substituted compounds is  also seen to 
agree throughout.
I t  is  the in tention o f th is  discussion to show tha t the ESR re su lts  are also 
consistent w ith  the w ork tha t has gone before and lead as w e ll to  a h ith e rto  un­
rea lised  feature o f the m olecular structu re  o f th is  group o f compounds.
N itrogen Hyper fine  S tructure
From  a qua lita tive  view point, a ll the compounds exh ib it a basic three lin e
ESR pa tte rn . By analogy w ith  other papers dealing w ith  n itroxides (48) there is
litt le  doubt that th is  m ain structu re  arises fro m  the in te raction  o f the im paired 
14electron w ith  one N nucleus. The measured values o f the n itrogen coupling 
constant (a^) are given in  Table 8.
4"N um erica lly, nearly a ll the a „  values are seen to  lie  w ith in  the range 12.4 -JM
0.4 gauss, th e ir differences being considered too sm all to  be s ig n ifica n t. The 
m ain exceptions, however, are those w ith  ortho m ethyl, 1-naphthyl, meta n itro , 
and para phenyl substituents, where the values (13.99, 13.65, 11.59 and 11.82 
gauss respective ly) show sign ifican t changes in  the n itrogen coupling constant. 
Recent w ork on phenyl-t-bu ty l n itrox ide  (49) shows tha t its  a__ value (13.3 gauss)JN
is  interm ediate between that of diphenyl n itrox ide  (10.5 gauss) and d i-t-b u ty l 
n itrox ide  (15.5 gauss) w hile a subsequent paper (50) quotes amended values fo r 
these compounds, a = 12.50 gauss fo r phenyl-t-bu ty l NO and 15.25 gauss fo r 
d i-t-b u ty l NO. The values o f a fo r the compounds under consideration, as ex- 
pected, are a ll ve ry close to th is ; the sm a ll d ifference (a^ = 12.25 gauss fo r the 
phenyl compound) may be explained by one o r m ore o f three d iffe re n t e ffe c ts .
(i) I t  is  possible tha t the unpaired e lectron o rb ita l may extend to  a 
m ore rem ote p a rt o f the m olecule by a hyperconjugative m echanism .
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This is  considered in  m ore d e ta il la te r in  th is  section when dealing 
w ith  the proton hyperfine s tructu re , but suffice it  to  say at th is  po int 
tha t the difference in  a ^ (a reduction o f about 0 ,3  gauss fro m  phenyl- 
t-b u ty l NO) would seem reasonable i f  the assum ption is  made and 
there is  a s lig h t increase in  the de localisation o f the unpaired elec­
tron*
(ii)  A sm all inductive e ffect caused by an a lipha tic substituent )) to  
the nitrogen atom may cause a sm all d ifference in  the e lectron ic 
d is trib u tio n  w ith in  the m olecule*
The e ffect o f a s im ila r ) (  substitu tion is  seen (50) when C H ^- is  re ­
placed by C^Hp.-* (a^ fo r A r-t-b u ty l NO = 13.22 gauss and fo r
A r-C  H C(CH ) NO = 13,19 gauss, where A r = 2,6  d i methoxy
U  O  u  a
phenyl), though it  is  ten tim es sm a lle r than tha t observed.
( iii)  The th ird  possible reason fo r the va ria tio n  in  a is  due to  a 
solvent e ffe c t. P lots o f n itrogen sp littin g s  in  substituted n itrox ide s 
and in  nitrobenzene anions measured in  one solvent against those in  
another give s tra ig h t lines fo r each series o f ra d ica ls  (51).
E ieger and Fraenkel (52) show tha t the spin density on n itrogen in  
n itrox ides increases w ith  the p o la rity  o f the solvent. However, the 
value (12.50 gauss) reported by Hoffm an (50) fo r ph enyl-t-bu ty l NO
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was obtained fro m  a solution in  benzene which is  hard ly d iffe re n t
fro m  1:4 dioxan in  its  p o la rity .
The conclusion is  tha t, in  the absence o f m ore detailed quantitative evidence, 
the a value is  such as could have been pred icted.
Meta and para m ethyl substituents have only ve ry sm all e ffects on the a ^ 
values (an increase o f 100 -  200 m illigauss) and are not considered s ig n ifica n t.
However, a ve ry  much la rg e r e ffect is  observed when an ortho position sub­
stituent is  added. The ortho m ethyl, 2 ,4  dim ethyl and 1-naphthyl compounds a ll 
have a ^ values about 1.5 gauss la rg e r than the para substituted o r unsubstituted 
homologues and cannot be explained by e ith e r inductive o r hyperconjugative reas­
oning, as any effects by the fo rm e r would be ide n tica l in  both the ortho and para 
substituted compounds, and by the la tte r would produce the opposite e ffects.
S teric hindrance may w e ll produce these differences which close ly co rre s­
pond to the observations o f Geske, Eagle, Bambenek and Balch (53) when studying 
substituted arom atic n itro  anions. They found tha t the values o f nitrobenzene 
and mono and d i m ethyl n itro  benzenes va ry only s lig h tly  and it  was only when the 
substituents were d i-o rth o  to the n itro  group tha t a la rge increase in  the value 
was seen. Associated w ith  the increase in  a__ was a corresponding decrease in  
coupling to  the arom atic rin g  and substituent protons -  th is  was also observed w ith  
the subject compounds and is  dealt w ith  in  m ore d e ta il below . The diffe rence in
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the two cases is  in te restin g . Geske et a l found that m ethyl substituents increase 
the value fro m  10.32 gauss in  nitrobenzene to 11.7 in  2,3 d im ethyl n itro ­
benzene -  see Table 7. It was only when an o rth o -t-b u ty l o r two ortho-m ethyl 
groups were added tha t much la rg e r effects occurred. (14.9 and 17.8 gauss fo r 
a_T re spective ly). As seen fro m  Table 6, a large increase in  a^T and decrease
JN N
in  a ^  occurred in  substituted n itroxides when only one ortho m ethyl 
group was added.
Geske (53) reported tha t the e ffect was caused by the two ortho substituents 
tw is tin g  the n itro  group cut o f the arom atic plane and hence decoupling it  fro m  
the benzene rin g  w ith  a consequent loca liza tion  o f charge onto the n itro  group.
It was stated tha t e lectron ic charge was not the same as spin density but tha t as 
a w orking p rin c ip le , subject to  fu rth e r experience, the rin g  charge and spin den­
s itie s  were s im ila r and behave in  a s im ila r fashion on perturbation  o f the 
e lectron system  under discussion.
The th e o re tica l w ork o f Colpa and Bolton (54) on hydrocarbon anion and 
cation ra d ica ls  supports the above in tu itive  argum ent -  a rriv in g  at the re la tio n  
fo r the coupling constant a = -(Q  + Kq) where p and q are the spin density and 
excess charge density respective ly.
Geske continues by sta ting tha t the sim ultaneous decrease o f hyperfine coup­
lin g  at a ll rin g  positions makes it  lik e ly  tha t the e ffect observed is  re la ted  to  a
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Table 7
Coupling Constants o f some Substituted Nitrobenzene Anions *
Parent Compound ®N
gauss
a° !
gauss gauss
a
P
gauss
%n2
gauss
a°2
gauss
Nitrobenzene 10.32 3.39 1.09 3.97 1.09 3.39
4-M ethylnitrobenzene 10.79 3.39 1.11 3.98 1.11 3.39
3-M ethylnitrobenzene 10.4 3.30 1.07 3.88 1.07 3.30
2- M ethyln it r  ob enz ene 11.0 3.12 1.04 3.91 1.04 3.12
2,3 D im ethylnitrobenzene 11.7 2.91 0.99 3.3 0.99 2.91
2, 6-B im ethylnitrobenzene 17.8 0.85 0.88 1.41 0.88 0.85
2-t-butyln itrobenzene 14.9 - 1.1 2.5 1.1 2.5
* Bee R ef. 53
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charge tra n s fe r fro m  the rin g  to the n itro  gro ip ra th e r than a charge re d is trib u tio n  
taking place on the n itro  group. He suggests tha t a sm a ll in-p lane deflection 
takes place w ith  one ortho m ethyl next to  the n itro  group and only w ith  two ortho 
substituents does a tw is t about the N -  C bond ta le  place.
A t th is  po int it  is  w orth com paring n itrox ide  ra d ica ls w ith  arom atic n itro  
anions*
The d ifference in  charge means tha t coupling constants at corresponding 
nucle i in  n itro  and n itrox ide  compounds cannot be d ire c tly  compared as the wave 
functions in  the two cases w ill, in  general, be com pletely d iffe re n t, though it  
should be possible to  compare the effects o f s im ila r substituents on the two d iff­
erent se rie s .
The second d iffe rence, tha t n itro  anions have in  general a higher sym m etry 
than the n itrox ide  s, is  of m ore im portance in  the in te rp re ta tio n  o f the ESR re ­
su lts .
The substituted n itrox ides under investigation a ll have a bulky t-b u ty l group 
o( to  the n itrogen and there is  litt le  doubt tha t it  would take up the position  a n ti to  
a rin g  ortho m ethyl substituent, leaving the ) f  -bonded oxygen in  the syn position . 
C ontrary to  the ortho n itro  toluene anion where a sm all in-p lane de flection is  
thought to  take place (see above), the large t-b u ty l group would preclude th is  and 
the only s te ric  e ffect possible would be a tw is t about the N -  (arom atic) C bond.
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This then reduces the JX-e le c tro n  overlap and increases the nitrogen coupling 
constant. It requ ires one la rge o r two sm all ortho groups to  produce the same 
re s u lt w ith  arom atic n itro  anions where there is  no such la rge t-b u ty l group.
The observed differences are thus accounted fo r but w ill be m entioned again 
when dealing w ith  the proton hyperfine s p littin g .
The coupling constants fo r the nitrogen nucle i in  the para-phenyl and meta 
n itro  substituted compounds are the only ones w ith  values less than tha t o f the 
unsubstituted m a te ria l (11,82 and 11,59 gauss compared w ith  12,25 gauss). The 
difference is  not large -  o f the same order as the e ffect due to  a para methoxy 
group but o f opposite sign -  however it  is  the f ir s t known para-d i-phenyl substit­
uted n itrox ide  and the change in  a^. is  w orth com paring w ith  tha t fro m  the 1-  
naphthyl compound.
Proton H yperfine S tructure
The m a te ria l which has been studied in  m ost d e ta il is  the unsubstituted 
phenyl compound and it  was the investigation o f the proton hyperfine stru ctu re  of 
th is  which led to a ra th e r unexpected re s u lt.
The spectrum , F ig . 16 c le a rly  shows tha t each o f the n itrogen lines is  s p lit 
in to  fo u r groups o f lines equally separated and w ith  re la tive  in te ns ities o f X :3 :3 :l, 
There is  litt le  doubt tha t th is  structu re  orig inates fro m  the close ly s im ila r coup­
lin g  constants o f the para and ortho protons. D iphenyl n itrox ide  and rad ica ls 
a ris in g  fro m  diphenylam ines have coupling constants such tha t aQ = to w ith in  
about 1% (55) and fu rth e r proof o f th is  equality is  not fe lt necessary. Likew ise, 
in  every case where rin g  substituents have been added, the assum ption has been 
fu rth e r ju s tifie d .
The values o f a fo r a ll the substituted compounds are given in  Table 6 
and are seen to va ry only s lig h tly , increasing fro m  2*35 gauss fo r the unsubstit­
uted phenyl to  2.52 gauss fo r the para to ly l compound. A  la rg e r value o f 2.82 
gauss is  seen fo r the para-dipkenyl compound which would seem consistent w ith  
its  low  value o f a__. The structu re  fo r th is  is  a 1:2:1 tr ip le t a ris in g  fro m  two 
equivalent ortho protons. The other large value of o -  p coupling constant (2.6 
gauss) is  found in  the m -brom o compound. T h is was the only halogenated m ater­
ia l studied and, due to the ra th e r broad lines obtained, the precise value of the 
coupling constant was somewhat in  doubt.
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E xceptionally sm a ll coupling constants are found w ith  ortho-m ethyl substit­
uted compounds where the value fo r a ^  is  seen to  drop to  0*79 gauss. The 
2,4  dim ethyl compound has lines too numerous and close to  be resolved but by 
inspection o f the spectra fo r the three compounds reproduced in  F ig . 21 and 
F ig , 22 the coupling constants are c le a rly  s im ila r. The lin e  w idth, between 
points o f maxim um slope, is  2 ,9  gauss.
The other ra d ica l w ith  a s im ila r spectrum  is  that derived fro m  N -l-n aph thy l- 
hydroxylam ine. Here again the proton structu re  is  too close to  be resolved, the 
lin e  w idth o f the three Tn itrogen? lines being 2.3 gauss.
Com parison of the ortho-para coupling constants o f these mono -  ortho m ethyl
substituted n itroxides w ith  the corresponding arom atic n itro  anions (53) shows a
la rg e r discrepancy even than th e ir nitrogen coupling constants. In  the la tte r
compounds no ve ry large deviation of a from  3*39 gauss (n itro  benzene anion)o
is  found u n til the d i -  ortho m ethyl substituents are added when the value drops 
to 0.85 gauss. In  p a rtic u la r, the aQ value fo r the o-m ethyl n itro  benzene anion
is  3,12 gauss, only 8% below tha t o f n itro  benzene. The a values fo r the0 7  op
n itrox ide  ra d ica ls , however, are seen to  drop by a fa c to r of about three w ith  the 
same substituent.
Another d ifference in  the two classes o f compounds is  seen in  the non equality
of a and a in  arom atic n itro  anions. I t  is  seen fro m  Table 7 where the o p
coupling constants fo r some o f the n itro  anions are quoted, tha t the values va ry 
by m ore than ju s t a few percent. Th is has not been observed in  the n itro x id e  s.
The argum ent put fo rw ard  above to  explain the observed differences in  a .T 
between ortho substituted n itrcx id e s and n itro  anion compounds applies equally 
to the observed differences in  a^. The percentage differences in  the proton 
coupling constants, however, are much la rg e r than those fo r n itrogen but that is  
not inconsistent w ith  the generally accepted notions o f conjugation and configura­
tio n a l in te ra c tio n . Hence the de localisation o f the unpaired e lectron  fro m  the 
n itrox ide  o r n itro  groups onto the arom atic rin g  takes place through the overlap
o f the n itrogen p atom ic o rb ita l w ith  the arom atic J f- o rb ita l. The nitrogen w ill 
2be nearly sp in  the n itroxides as the N -  Q bond w ill have a la rge  double bond 
cha racte r. I t  is  probable, the re fore , tha t the n itrox ide s, lik e  the n itro  anions, 
w ill be planar o r near p lanar.
When the groups are made to  tw is t out of the arom atic plane by ortho sub­
stituents the p -  77 overlap is  reduced and the spin density in  the rin g  d im in ished. 
The spin density on the n itrogen, however, need not necessarily increase by a 
corresponding amount as th is  depends not only on the e lectron density, but also 
on the degree o f configurational in te raction  adm ixing s and p o rb ita ls  and g iving 
a fin ite  e lectron density at the nuclear s ite .
Substituents, other than ortho-substituents, behave fo rm a lly 1 as there is  
no s te ric  e ffe c t.
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The p a ra -to ly l compound has a s ix  lin e  structu re  re su ltin g  fro m  five  equiv­
alent spin \  nucle i, consistent w ith  the spin density on the protons o f the m ethyl 
group being the same as tha t o f the replaced rin g  proton and being equivalent to  
the two ortho position  protons J ’h is is  in  agreement w ith  previous observations 
{ 53, 56 ) on the para m ethyl n itro  benzene anion and w ith  the predicted theory 
(57) o f hyperconjugation o f arom atic m ethyl substituents.
The spectra fro m  the meta to ly l and para ethyl compounds are also consis­
ten t w ith  the above rem arks -  a note being made tha t only the methylene protons 
have an observable spin density in  the e thyl substituent, g iving a fiv e  lin e  s tru c t­
u re , assigned to the two methylene and two ortho rin g  protons a ll being equivalent.
C onsidering once m ore the spectrum  o f the unsubstituted phenyl compound 
Fig*. 16 it  is  seen tha t each o f the tw elve groups o f lines consists o f about s ix  
components. However, the only arom atic protons unaccounted fo r in  the p a rt o f 
the m olecule containing the unpaired e lectron are two in  the m eta-positions*
These, o f course, are only expected to s p lit the lines in to  1:2:1 trip le ts  so tha t 
there m ust be a m ore extensive de localisation involved than m ight at f ir s t have 
been considered. Consistent w ith  th e o re tica l p red ictions, there is  ample evidence 
to  show tha t no m easureable spin density reaches the protons o f a te rtia ry  bu ty l 
group 0^  to  a n itrox ide  ( 49, 50 ) and it  is  c lea r tha t the eight a lky l protons closest 
to  the NO group are in  environm ents ve ry nearly the same as t-b u ty l* It is  tc  be ex­
pected, the re fo re , tha t the observed hyperfine s p littin g  cannot be assigned to
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coupling w ith  these protons but m ust be sought elsewhere. A lso, if  these protons 
were involved, they would give ris e  to nine components (or th irte e n  if  one counts 
the arom atic meta protons w ith  tw ice the coupling constants as w e ll) which is  con­
tra ry  to  the observed fa c ts .
A close inspection o f the spectrum  (F ig . 16 ) o f the phenyl compound shows 
tha t the s ix  lines in  the w ing components o f the 1:3:3:1 quartets do not fo llo w  a 
b inom ia l in te ns ity  pa tte rn . Indeed the two inner lines (four and five ) appear m ore 
intense than the other fo u r.
To explain the observed sp littin g , de localisation o f the unpaired e lectron  onto 
a m ore rem ote p a rt o f the m olecule had to  be postulated. E ith e r the arom atic 
in lin e  oxide group o r the rem aining (& ) m ethyl group would have to  be involved 
and, to  resolve th is , the preparation o f the compound fro m  D-6  acetone was 
undertaken. The spectrum  (F ig . 17 ) fo r the phenyl compound prepared in  th is  
way is  seen in  its  m ain stru ctu re  to  be the same as tha t fro m  the fu lly  protonated 
counterpart -  the a ^  and a values rem aining the same, the only d ifference is  
that each o f the tw elve groups o f lines, w ith  she components, reduces to  trip le ts  
on deuteration. This evidence c le a rly  shows tha t coupling takes place w ith  some 
o f the a lk y l hydrogens,m ost lik e ly  the 6. m ethyl group and not w ith  the arom atic 
im ine oxide group which, o f course, rem ained undeuteraied. The coupling con­
stants fo r the m eta-protons can be obtained fro m  the spectra o f the deuterated
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compounds and are quoted in  Table 6. The m ore narrow  sp littin g s  a ris in g
fro m  the protonated compounds are also given in  Table 6 and are seen to  be a
litt le  less than h a lf the a values*m
In  o rde r to  ascerta in whether the foregoing discussion was consistent w ith  
the detailed stru ctu re  o f the spectrum , a reconstruction was undertaken using 
the e m p irica l coupling constants and assigning them  as fo llo w s :- three equiva­
len t protons, a = 2*371 two equivalent protons a ^  = 0.87 and three equivalent
(m ethyl) protons a = 0 ,42.
3
The reconstruction , showing the fir s t one-sixth o f the com plete spectrum , 
is  given in  F ig . 18.
It  is  c lea r fro m  th is  tha t lines three to s ix  (counting fro m  the wing) consist 
o f two alm ost degenerate components each. The difference between the com­
ponents (a ^  -  ) is  only 30 m illigauss which is  too close to be resolved and
leads to  the f ir s t s ix  lines having effective in tensities o f 1:3:5:7:7:5. As the 
measured lin e  w idths are about 200 m illigauss (see Table 6 ) lit t le  broadening 
in  these lines would be e je c te d .
However, lines seven and eight are separated from  each o ther, and fro m
lines s ix  and nine, by 210 m illigauss each (the difference between s ix  and seven
is  a -  2a -  ) . Having lin e  w idths equal to  the separation, they w illop m
cancel each other out and also m odify the appearance o f the neighbouring lin e s .
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This is  exactly the e ffect observed, even down to  the d e ta il tha t the la s t 
lin e  o f the f ir s t group (number six) is  asym m etric. An enlarged one-sixth of 
the spectrum  is  shown in  F ig . 18 by way o f a com parison w ith  the reconstructed 
spectrum .
The evidence presented shows conclusively tha t the £  -m ethyl group in  
some way shares a p a rt o f the unpaired e lectron density. The mechanism fo r 
th is  is  not obvious but one o r two observations m ight use fu lly be m ade;-
(i) There is  litt le  chance o f the coupling taking place by a conjuga- 
tiv e  mechanism along the a lipha tic chain. A part fro m  the im ­
p ro b a b ility  o f th is  on chem ical grounds, it  would lead to coupling 
onto a ll the interm ediate protons (and nitrogen) as w e ll, and that 
is  c le a rly  not so.
( ii)  From  a s te ric  po int o f view  the m ethyl group may easily  approach 
close to  e ith e r the phenyl o r the n itroxide  group. I f  it  does so and 
is  held in  close p ro x im ity  to  th e /T  e lectron system  o f e ith e r group 
fo r a su ffic ie n tly  long tim e in te rva l, 1 .7  x  10 seconds o r longer, 
then it  is  conceivable tha t coupling could take place v ia  a mechanism 
close ly p a ra lle l to  hyperconjugation.
The weakness o f th is  hypothesis is  tha t there seems litt le  reason why the 
m ethyl group should rem ain p re fe re n tia lly  in  the neighbourhood of tha t p a rt of
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the m olecule re ta in ing  the unpaired electron* The only possible cause fo r the 
m olecule to  rem ain in  such a rig id  o r se m i-rig id  position would seem to be the 
repulsive influence o f the two arom atic groups on each other, coupled w ith  the 
e ffect o f the two d ipo la r N -  O groups.
The only recorded case of such a coupling mechanism ’across space1 is  re ­
ported fo r im inoxy rad ica ls (58) where the coupling is  thought to  take place be­
tween the oxygen atom and the ortho-pro tons. A t no tim e , however, is  it  poss­
ib le  fo r the m olecule to  bend out of a ’quasi-six-m em bered’ rin g  structu re  and 
la rge  coupling re su lts . T yp ica l coupling constants range from  1.25 to  2 .7  gauss.
( iii)  Hyperconjugation of m ethyl groups on arom atic rin g s is  thought 
to  take place (59) by tim e averaging the overlap o f the proton s - 
o rb ita ls  w ith  both positive  and negative lobes of the arom atic F\ -  
o rb ita l. I f  th is  is  also the mechanism in  th is  proposed ’long-range’ 
hyper conjugation then it  does not quite tie  up w ith  the NMR evidence 
obtained fro m  the parent hydroxylam ine (see previous section) which 
indicated tha t the £  m ethyl group was positioned above and not to  
the side o f the arom atic rin g . Th is is  not e n tire ly  incom patible as 
it  is  quite conceivable tha t the re la tive  positions o f the groups w ill 
change on oxidation o f the hydroxylam ine to  th e  n itro x id e .
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The compounds derived fro m  m - and p-m ethyl and p -e th y l phenylhydroxyl- 
am ine w ith  acetone a ll exh ib it th is  ’super-hyperfinef s tru ctu re , the f ir s t two 
w ere also prepared w ith  deuterated acetone as w e ll, these only showing a coup­
lin g  to  the arom atic protons.
The para m ethoxy-phenyl compound exhibited th is  structu re  only in  the cen­
tra l (ortho) lin e  o f the cen tra l (nitrogen) lin e . A ll the other components were 
broadened*
S E C T IO N  7
STUDIES OF RADICALS FROM SUBSTITUTED UREAS
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1. GENERAL
In  the course o f other w ork (the ESR investigation o f Kenyon condensation 
ra d ica ls) it  became apparent tha t i t  should be possible to  prepare several d iffe r­
ent fa m ilie s  o f rad ica ls fro m  N -a ry l, N -substituted hydroxylam ine s . Depend­
ing on the N~ substituent, the s ta b ility  of the ra d ica l types would va ry fro m  zero 
(o r a ve ry short period) as in  the case o f oxidised N-phenylhydroxylam ine its e lf 
to  in fin ite  s ta b ility  fo r example in  the case of the above mentioned Kenyon type 
ra d ica ls . The fo rm e r o f course has an N -proton, the la tte r a large and com plex 
a liph a tic  group as its  N -substituent.
The ra d ica ls  form ed by oxidation o f these various substituted N -hydroxyl- 
am ines should a ll be N -d i-substitu ted  n itroxides by analogy w ith  diphenyl n itro x ­
ide and the Kenyon ra d ica l,
N itroxides other than those w ith  arom atic and sim ple a lipha tic groups are 
to  be found but ra re ly  in  the lite ra tu re ; one o f the few such compounds studied 
is  diphenylguanidine (47),
The present section is  devoted e n tire ly  to  a study of one class o f n itrox ide s, 
previously unreported, which are derived fro m  N, N '-d i-a ry l-N -h yd ro xy  ureas 
(ArN(OH)CONHArf) ,
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2 , PREPARATION AND CHEMICAL EVIDENCE FOE COMPOSITION
The preparation o f a ll the hydroxy-ureas follow ed the same pa ttern  described 
o rig in a lly  by Beckmann (80) fo r the N, N! diphenyl compound,
N -arylhydroxylam ines w ill condense w ith  iso-cyanates according to  the 
fo rm u la  ArNH(OH) + A rTN.CO = ArN(O H), CO, NHArf,
The method consists o f adding to  a solution o f the appropriate N - arylhydroxy 1- 
am ine in  d ry  benzene, an equim olecular quantity of an a ry l iso-cyanate. The 
la tte r, d ilu ted  w ith  benzene, was added dropw ise, w ith  constant s tirrin g  and 
occasional cooling, over a period o f about ten m inutes. The quantities used 
w ere, usua lly, between 5 and 10 gm of hydroxylam ine and between 50 and 100 m l 
o f benzene, depending on the s o lu b ility .
The straw -ye llow  colour o f the solution darkened w ith in  a few seconds o f 
the addition o f ju s t a few drops of iso-cyanate, and about fo u r m inutes la te r, 
a fte r fu rth e r addition, the liq u id  became cloudy and fin a lly  started  to  p recip ita te  
a fin e  w hite powder. A fte r ha lf an hour, during which tim e the solution was 
occasionally s tirre d , the so lid  was filte re d  o ff and washed w ith  one o r two sm a ll 
quantities o f d ry  benzene. A fte r vacuum drying,the powder was re c rys ta llise d  
fro m  aqueous m ethanol and fin a lly  benzene to y ie ld  a fin e  s lig h tly  o ff-w h ite  pow­
de r.
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A lis t of all the compounds so formed is to be found in Table 8,
That the proton and not the hydroxyl group m igrates during the condensation 
has been shown by Beckmann (80) who used N -benzylhydroxylam ine and phenyl 
iso-cyanate to  fo rm  the compound C^H N(QH)CONHCgH .
It  was shown tha t th is  form ed the same compound when benzylated as is  
form ed when Q -benzylhydroxylam ine is  treated w ith  phenyl iso-cyanate and sub­
sequently w ith  benzyl ch lo ride .
W ith both N -m ethyl and N -e thyl hydroxylam iBs and phenyl iso-cyanate,
K ie llin  (61) showed tha t the product form ed was C_H_NHCQ N(OH)Me (or E t) and
b 5
not C_HffN(OH)CONHMe.6 5
Both authors found tha t only one equivalent of the iso-cyanate reacted w ith  
the hydroxylam ine and tha t fe rr ic  ch loride produced an intense colouration w ith  
the compounds. A ll the d i-a ry lhyd roxy ureas prepared in  the present w ork 
form ed w ith  fe rr ic  ch loride intense blue-green solutions in  ethanol.
A dditiona l chem ical evidence is  afforded fro m  the fa c t tha t the compounds 
are oxidised by am moniacal s ilv e r n itra te  y ie ld in g  o f course fre e  rad ica ls,the  
presence o f w hich is  shown by ESR,
Table 8 shows tha t the N N’ d iphenyl-th io-hydroxy urea was prepared.
Th is fo llow ed a s im ila r method to  tha t fo r the oxy-compounds and resu lted  in
Table 8 
Substituted Hydroxyureas
Ar t * A r”  * M elting Point °C Remarks
Phenyl . Phenyl 126.3
Phenyl Phenyl - Form ed fro m  Phenyl is o - 
thiocyanate
Phenyl o -T o ly l 104 -  106
Phenyl . 1-Naphthyl 122.3
o -T o ly l Phenyl 112 -  113
m -T o ly l Phenyl 117.8
p -T o ly l Phenyl 128.6
p-D iphenyl Phenyl a / 174 Barkens over long tem pera­
tu re  range before m elting
2,4 B irnethylphenyl Phenyl 128.6 '
*  A r! NOHCONH A r"
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so ft w hite p la te le ts which were re c rys ta llise d  fro m  benzene. These c rys ta ls  
decomposed w ith in  three weeks to a s ticky yellow  mass, having been stored in  a 
dark cupboard at room  tem perature throughout. The nature o f the decom posit­
ion products is  unknown but may be s im ila r to the product form ed by b o ilin g  the 
hydroxy urea in  alcohol (60) , i.e . to  fo rm  N Nf diphenyl urea. However, th is  
was not follow ed up as the re la ted ra d ica l was d iffic u lt to  prepare and decomposed 
ra p id ly . A lso, the ESR spectrum  when observed had 110 proton hyperfine s truc­
tu re  and the compound was treated somewhat as a cu rio s ity  in  th is  context.
The n itrox ide  fre e  rad ica ls were a ll prepared in  a s im ila r way to  those 
fro m  the Kenyon condensation products.
A  solution o f the hydroxy urea in  ch lo rofo rm  (about 0.1  M) was shaken in  
the presence o f ammoniacal s ilv e r n itra te . The colour o f the non-aqeous laye r 
darkened to  a deep red-brow n which, a fte r about h a lf an hour, was rem oved and 
washed tw ice w ith  w a te r. The fu rth e r preparation of the ra d ica l solutions in  
readiness fo r ESR measurements is  described in  m ore d e ta il in  an e a rlie r sec­
tio n .
Judging by the ra te  o f appearance of the coloured component under ide n tica l 
conditions, it  would seem that the rad ica ls derived from  substituted ureas are 
form ed m ore easily  than those o f the Kenyon type . Indeed, though no quantita­
tiv e  measurements on the ra te  of form ation were made, it  would seem tha t there
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is  greater than a fa c to r o f ten difference in  the ra te  of oxidation o f the hydroxyl 
groups in  the two classes of compound.
The s ta b ility  o f these rad ica ls is  not so great as those o f the Kenyon type, 
which is  illu s tra te d  by th e ir decom position when the solution in  which they are 
found is  evaporated to  dryness.
E lem ental analyses o f fo u r condensation compounds are given in  Table 9.
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Table 9 
U rea Analyses
A rf * A rM *
Theory % Found % **
C H N C H N
Phenyl 1-Naphthyl 73.36 5.07 10.07 73.27 5.17 10.03
Phenyl Phenyl 68.41 5.30 12.27 68.55 5.41 12.12
m -T o ly l Phenyl 69.40 5.82 11.56 69.28 5.47 11.71
2,4  D im ethylphenyl Phenyl 70.29 6.29 10.93 69.60 5.97 11.44
* A r’ NOHCONHAr”
* *  Results by A lfre d  B ernhardt o f the M ax-P lanek- 
In s titu t f t ir  Kohlenfor schung -  MHlheim .
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3« INFRA-RED ANALYSIS
The in fra -re d  spectra o f these substituted hydroxy ureas were run and are 
reproduced (F igs. 37a to 38d) in  Appendix 2, the key is  to be found at the be­
ginning o f the section.
The spectra a ll have the common feature tha t, in  addition to  the OH stre tch ­
ing band (in  general broad) there is  also a sharp lin e  in  the same region 
(2.9 -  S.OyU.) which is  assigned to  N -  H stre tch ing .
The arom atic double band at 6.25 jX  is  present in  these compounds but is  
dwarfed in  several cases by a stronger and s lig h tly  broader band at about 6*1fX  
w hich is  assigned to carbonyl stre tch ing .
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4 . ESR SPECTRA
The ESR spectra o f the ra d ica ls  derived from  substituted hydroxyureas are 
given in  th is  section (F ig . 25 to F ig . 30). As w ith  the spectra o f the Kenyon 
type ra d ica ls , these are presented w ith  the magnetic fie ld  decreasing fro m  le ft 
to  rig h t and 5 gauss m arkers are given in  each case to indicate the scale . A 
key to the spectra is  given -  Table 10.
Table 11 shows the coupling constants in  gauss o f the m agnetic nucle i fo r 
the compounds and also the ra tio  o f the coupling constants of the n itrox ide  
n itrogen and the arom atic ortho and para protons.
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Table 10
Key to  Spectra of Radicals from  Substituted Ureas
F ig . No. A r! * A r" * Instrum ent Used
25a Phenyl • 1-Naphthyl 100X
25b Phenyl Phenyl 100X
26 Phenyl o -T o ly l 100X
27a p -T o ly l ■ Phenyl 100X
27b m -T o ly l Phenyl 10 OX
28 o -T o ly l Phenyl 100X ;
29 2,4  D im ethylphenyl Phenyl 100X
30 p-D iphenyl Phenyl M .S*
* A r! NO CONHAr,!
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Table 11
Substituted Urea Coupling Constants
** ®N
gauss
aop
gauss
am
gauss
W idth
gauss
fN
aop
Phenyl Phenyl 9.14-0.07 1.79-0.01 0*80-0.03 -* 5.11
Phenyl o -T o ly l 9.09±0.11 1.83-0.01 0.82±0.02 N  0 .3 4.97*
Phenyl o -T o ly l 9.36-0.12 1.82-0*02 0.77-0 .03 A /0*5 5*13
Phenyl 1-Naphthyl 9.19-0.06 1.83-0.03 0.85-0 .05 - 5.02
p -T o ly l Phenyl 9.43-0 .09 1.90-0.03 0.93-0 .04 - 4.97
m -T o ly l Phenyl 9.16-0.03 1.82-0 .02 0*70-0*03 - 5.05
o -T o ly l Phenyl 9.63-0 .10 0.41 0.41 A14.5 2a  5
p-B iphenyl Phenyl 8.82-0.15 1.89-0.08 0.85-0 .02 - 4.67*
2,4 B im ethyl- 
phenyl
Phenyl 9.43-0.23
*  f M icrosp inT used fo r these determ inations, 1Q0X otherw ise
**  A r’ NO CQ NHAr"
fS
<s
4-
<N
5g
F ig . 25 ESR Spectrum o f
(a) Ph NO CO NH 1-Naphthyl
(b) PhNOCONHPh
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<N
Fig. 26 ESR Spectrum of Ph NO CO NH o-Tolyl
r*
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F ig . 27 ESR Spectrum of
(a) p -T o ly l NOCONHPh
(b) m -T o ly l NOCONHPh
oCN
if. ; 4
5g
F ig . 28 ESR Spectrum o f o -T o ly l NOCONHPh
n  i
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r ^ i
Fig. 29 ESR Spectrum of 2,4(CH3)2 PhNOCONHPh
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F ig . 30 ESR Spectrum o f p-Ph-PhNO CO NHPh
£60
5. DISCUSSION OF gPECTRA COUPLING CONSTANTS
Inspection o f F ig s, 25 to  30 shows that the m ost general structu re  of the ESR
spectra o f these substituted ureas is  s im ila r to tha t fro m  the Kenyon-type ra d ica ls
and m ono-n itro -a ry l-an ions, in  that they take the fo rm  of three alm ost ide n tica l
groups o f lines, the o rig in  o f which may be assigned to  coupling o f the unpaired 
14e lectron  w ith  one N nucleus.
I t  was pointed out e a rlie r in  th is  section that there was a litt le  chem ical 
evidence to  show that the N -proton and not the N -hydroxyl group m igrated during 
the condensation process onto the iso-cyanate n itrogen. The ESR spectra o f 
these compounds has confirm ed the lim ite d  chem ical evidence showing unambig­
uously tha t the proton m igrates, leaving the hydroxyl group attached to the o rig ­
in a l n itrogen atom . Thus those compounds form ed fro m  N-phenylhydroxylam ine 
and various d iffe re n t a ryl-iso-cyanates have spectra w hich are a ll alm ost ident­
ic a l -  ce rta in ly  fro m  a qua lita tive  view point -  and are consistent w ith  one phenyl 
rin g  attached to  the nitrogen on which there is  a considerable unpaired spin den­
s ity . (The ra d ica ls  resu lted fro m  the m ild  oxidation o f hydroxyureas and there 
is  litt le  doubt tha t that process would fo rm  n itroxides fro m  the hydroxyl amine 
group ra th e r than fro m  the N -  H group).
The phenyl ring s in  the above mentioned compounds are thus shown to  be 
attached to  the nitrogen ca rry in g  the hydroxyl group, w hile  additional con firm ation
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o f th is  is  obtained fro m  those compounds prepared fro m  N -hydroxylam ines w ith  
substituents on the phenyl rin g , w ith  phenyl iso-cyanate. The ESR spectra of 
the ra d ica ls  fro m  these are a ll consistent w ith  there being a n itrox ide  group 
attached to  the re levant substituted arom atic system and not to  the phenyl group. 
In  none of the compounds studied has any coupling to  two nitrogen atoms been ob­
served.
N itrogen H yperfine S tructure
By inspection o f Table 11 it  can be seen tha t the coupling constants o f a ll the
s
compounds lie  w ith in  the range 9.2 -  0 .4  gauss.
The varia tions are too sm all fo r many conclusions to be drawn fro m  them , 
however, but it  is  in te resting  to  note ce rta in  trends.
The ra d ica l w ith  the low est a ^ value is  tha t prepared fro m  N -p-d iphenyl- 
hydroxylam ine. Th is would seem to re su lt fro m  an increased de localisation o f 
the unpaired e lectron over the la rg e r conjugated system . The e ffect is  sm all 
and litt le  sign ificance, it  is  fe lt, can be drawn fro m  the re s u lt.
The re s t o f the compounds exh ib it n itrogen coupling constants which increase 
up to  a value o f 9.63 gauss in  the case o f the compound w ith  an o rth o -to ly l adjac­
ent to  the n itrox ide  group. There is  no large difference between th is  and the
next low est a value (9.43 gauss fo r the p a ra -to ly l compound)*
JN
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A discussion o f these trends is  included below together w ith  the proton 
coupling constants*
Proton H yperfine S tructure
An inspection o f Table 11 and F igs* 25 to  30 shows tha t the ortho-para  
proton coupling constants fo r nearly a ll the compounds are alm ost constant, 
centring on about 1.85 gauss. The exception to  th is  is  the ra d ica l derived 
fro m  N -o-to lylhydroxylam ine and phenyl iso-cyanate where the value drops 
to  0.41 gauss. I t  is  w orth noting, however, that its  hornologue, form ed by con- 
densing N-phenylhydroxylam ine w ith  o -to ly l iso-cyanate is , fro m  the ESR point 
o f view , in  no way exceptional.
The g rea tly reduced a_„ value fo r the o rth o -to ly l compound is  explainedop
by a reduction in  the unpaired e lectron spin density on the rin g  adjacent to  the 
n itro x id e  group. The reason fo r th is  seems once m ore (see previous section) 
to  be due to a tw is t of the n itrox ide  group re la tive  to  the rin g  and caused by the 
s te ric  e ffect o f the ortho-m ethyl protons ly in g  close to the oxygen atom* A lso 
attached to  the n itrogen is  a carbonyl group which, being la rg e r than oxygen, is  
m ost lik e ly  to  lie  in  the an ti position re la tive  to  ortho-m ethyl. I t  appears that 
the carboxyl group is  also too large to  allow  the in-p lane bending observed by 
Geske e t a l (53) fo r n itro  anions when one ortho substituent is  placed in  the rin g .
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That a p a rtia l rem oval o f the unpaired e lectron fro m  the arom atic rin g  has 
taken place is  shown by the decrease in  the proton coupling constant and is  pre­
sumably due to  the uncoupling o f the overlapped nitrogen p - and the arom atic 
-o rb ita ls .
I t  is  in te resting  to  note tha t, though the proton coupling constants have de­
creased by 1,4 gauss (or a fa c to r o f 5 -  6 tim es), the nitrogen coupling has re ­
mained alm ost constant. The reason fo r th is  would seem to lie  in  the conjugated 
system  which includes the carboxyl and n itroxide  groups. Being conjugated, the 
system  is  able to  accommodate the consequent increased unpaired e lectron den­
s ity  delocalised over a ll fou r atoms but th is , as was explained in  the previous 
section, does not necessarily mean tha t the spin density on any one atom (in  
p a rtic u la r nitrogen) increases to  any large extent.
The coupling constant fo r the m eta-position protons (see Table 11 ) in  nearly 
a ll the ra d ica ls  was found to be p ra c tica lly  constant, cen tring  around 0.86 gauss. 
The compound form ed from  N -o-to lylhydroxylam ine was exceptional.
The compound prepared fro m  N -2 ,4 dim ethylphenylhydroxylam ine and 
phenyl iso-cyanate gave re su lts  close ly s im ila r to  the o -to ly l compound (see 
F ig . 29 and Table 11).
S E C T IO N  8
STUDIES OF SOME 
MISCELLANEOUS CONDENSATION PRODUCTS
165
As a continuation of some ideas developed during the study o f substituted 
ureas -  see previous section -  a search was made fo r other types o f compound 
w ith  the general structu re  ArN(OH)R. Depending on the nature of K, it  was 
hoped tha t these would produce, on oxidation, rad ica ls which were stable 
enough -  due to  conjugation o f the unpaired e lectron over the arom atic rin g  -  to  
prepare chem ically and to  study by ESR. A re p o rt on two o f these fo llo w s.
i .  PREPARATION AND PROPERTIES OF THE N-PHENYLHYDROXYLAMINE/
PHENYL CHLOROFORMATE CONDENSATION
The condensation o f N arylhydroxylam ines w ith  a ry l ch lo ro fo r mates is  re ­
ported once only in  the lite ra tu re  (62). The reaction is  thought to  proceed as 
fo llo w s :-
ArNHOH + A r’O.COCl — >  ArNO H.CO .O Ar* + HC1 
the product being an N -a ry l-N -hyd roxy-a ry l-u re thane .
The experim ental de ta ils fo r its  preparation are given below .
N-phenylhydroxylam ine (7 g) was dissolved in  d ry  ether (300 m l) in to w hich 
was placed potassium  carbonate (about 10 g ). An equim olar quantity of phenyl 
chloroform ate (10 g) was m ixed w ith  d ry ether (10 -  20 m l) and added slow ly to  
the hydroxylam ine solution w ith  continuous s tirr in g  and cooling. The m ixtu re  
was then allowed to  stand fo r 30 m inutes when it  was filte re d  and the filtra te
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evaporated slow ly to  dryness* The yellow -brow n so lid  residue was then re ­
c rys ta llise d  fro m  benzene and carbon te trach lo ride  to fo rm  fin e  needle shaped 
w hite c ry s ta ls . Th is was the desired condensation product, the m e lting point 
being 127°C compared w ith  124°C in  Oesper and B roke r’s reference (62) above* 
The analysis re su lts  and spectra l evidence fo r its  com position are given in  a la te r 
p a rt o f th is  section; some chem ical evidence is  given be low ;-
(i) A  ch lo ro fo rm  solution o f the product is  oxidised re a d ily  w ith  
am moniacal s ilv e r n itra te , giving a red coloured so lu tion . This 
p a ra lle ls  the reactions o f the substituted hydroxy-ureas, the ’Ken­
yon1 type compounds and N, N diphenylhydroxy 1 amine which, on 
oxidation, give coloured n itrox ide  fre e  ra d ica ls .
( ii)  An ethanol solution o f the condensation product produces a b rig h t 
purple co lour on the addition o f fe rr ic  ch lo ride . Th is would seem 
to  indicate the presence of a group -  N(OH).CO -  (see also the sub­
stitu ted  hydroxy ureas but not the Kenyon type condensation products).
( iii)  Some ind ica tion  o f the above preparative reaction proceeding as 
stated is  given by considering the chem istry of chloroform ates to ­
wards other compounds*
(a) N -hydroxy urethanes w ith  a lky l substituents have been 
prepared (63) w ith  the general form ula R”0 . CO.N(QH)E’
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fro m  N -  R* -  hydroxylam ines and R " -  chloroform ate 
e ste rs ,
(b) In  a recent review  o f the chem istry o f chloroform ates 
(64) it  was shown tha t, w ith  amino phenols, it  is  the amino 
group w hich is  m ore reactive towards chloroform ate than 
the OH group, th is  rem aining unaffected unless N -  acyla t- 
ion becomes im possible due to p rio r substitu tion .
The above evidence leads to the conclusion tha t the product form ed by react­
ing N -arylhydroxylam ines w ith  a ry l chloroform ates has the general structu re  
ArN(OH)CO A rf,
A
Analysis re su lt fo r N -phenyl-N -hydroxy-phenyl-urethane:-
Theory, C = 68.11, H = 4.84, N = 6,11 
Found, C =67,58, H -4 ,6 6 ,  N = 6,20
Evidence given below, derived fro m  in fra -re d , NMR and ESR also supports 
the above conclusion.
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2. PREPARATION AND PROPERTIES OF N-PHENYLHYDRQXYIAMINE/
BENZOIC ANHYDRIDE CONDENSATION PRODUCT
The reaction of N -arylhydroxylam ines w ith  benzoic anhydride is  reported 
( 65, 66 ) to  give (i) an N-aryl-N-benzoylhydroxylam ine o f the fo rm  
ArN(OH)COPh and (ii) benzoic acid.
The preparation of the compound was as fo llow s:-
To N-phenylhydroxylamine (4.5 g) in  d ry ether (30 m l) was added a saturated 
* solution of benzoic anhydride (9.3 g), also in  d ry  e ther. The m ixture was shaken 
a few tim es and, after about 10 m inutes, during which a s ligh t ris e  in  tem perature 
was noted, a fine white precip ita te form ed. I t  was shaken fo r a fu rth e r 20 m in­
utes when the precip ita te was filte re d  o ff and washed w ith  ether.
The product was pu rified  by re crys ta llisa tio n  fro m  carbon tetrach loride 
form ing fine white needle-shaped crysta ls m elting at 117°C.
An ethanol solution o f th is  product gave, on the addition of fe rr ic  chloride, 
an intense purple colouration. The form ation of colour under these conditions 
suggests, as w ith  the hydroxy-ureas and the compound form ed fro m  phenyl 
chloroform ate, a structure of the fo rm  -  N(OH)CO - .
A chloroform  solution of the product was oxidised by ammoniacal s ilve r 
n itra te  to a red co lour. The presence of a free  rad ica l was demonstrated by 
ESR, but decomposed on evaporation of its  solution to dryness.
Analysis resu lt fo r N-phenyl-N-benzoylhydroxylam ine w as:-
Theory, C = 73.22, H = 5.20, N = 6.57 
Found, C = 73.31, H = 5.25, N = 6.62
The IK  and ESE evidence fo r the proposed composition of th is  and the 
chloroform ate condensation fo llow s.
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3* INSTRUMENTAL ANALYSIS
The in fra -re d  spectra of the N-hydroxy-urethane (Fig* 39b) and the N - 
benzoylhydroxylamine (Fig* 39a) in  Appendix 2 supply fu rth e r evidence in  
support o f the proposed structures*
The spectrum of the N-hydroxy-urethane has a strong band at 3* 5 JUL ass­
igned to the OH stretching mode, A band (rather weak) at 6*26 y x  and two 
strong bands at 13.28 and 13.47 yU are due to the various arom atic modes.
The NMR spectrum of the N-hydroxy-urethane was run on a Varian HA100 
instrum ent, the only absorptions being found in  the = 2*5 region due to the 
two arom atic phenyl rings* No OH absorption was found, i t  being assumed that 
i t  lay in  the region o f the phenyl protons.
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4. ESR SPECTRA
Sg,3L and 32 sh^w the ESR spectra of the two radicals prepared by oxidising the 
condensation products of N-phenylhydroxylamine w ith  phenyl chloroform ate and 
w ith  benzoic anhydride*
A ll the evidence given above indicates that the fo rm er is
C_H_NO#CO*OCLH mQ 5 6 5 (I)
and the la tte r is
c6h 5no . co . c6h5 ^
I t  is  seen that the ESR spectra are alm ost identical and they are being treated 
together in  th is  section, while Table 12 shows the hyperfine coupling constants fo r 
the compounds are also very close*
The spectra consist of the fa m ilia r three s im ila r groups of lines, a ris ing  
fro m  a large spin density on one nitrogen atom* The coupling constants -  7*26- 
7.66 gauss -  are sm all compared w ith those of the substituted ureas and Kenyon 
type compounds but s t ill very much la rg e r than any proton coupling*
The proton hyperfine structure fo r both compounds is  consistent w ith  there 
being one phenyl rin g  adjacent to the n itroxide group -  giving a quartet (1:3:3:1) 
fro m  the ortho and para hydrogens and trip le ts  (1:2:1) fro m  the meta protons*
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Table 12
Coupling; Constants of Two R adicals.
Compound
aN
gauss
2op
gauss
am
gauss
W idth
gauss
aN
aop
Ph NO CO Ph. 7.66-0.04 1*50-0.03 0.65-0.05 |  x  a 4 m 5.10
PhNOCQ *Ph 2 7.28-0.02 1.46-0.01 0.66-0.04 0.37 4.88*
i» 7.45-0.04 1.48-0.03 0.69-0.01 - 5.03
*  !M icrospinf used fo r th is  determ ination, 100X otherw ise.
j i .
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Fig. 31 ESR Spectrum of Ph NO CO Ph
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a = 1.50 g op
a -0 .6 5  g m
1 g = 0.72 cm
I |l ! :U  !
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Fig. 32 ESR Spectrum and Reconstruction for Ph NO CO Ph
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Due to p a rtia l overlap, the n u m b e r of components is  reduced, but i t  is  c lea r that 
the assignments given in  Table 12 are satisfactory and lead to the em p irica l 
spectrum . A  reconstruction from  the coupling constants fo r the f ir s t  one th ird  
of the spectrum from  compound I I  is  given in  F ig . 32 by way of a comparison 
w ith  the experim ental spectrum . It is  seen that lines 3 and 4, 6 and 7, and 9 
and 10 are much closer to each other than the re s t (a ^  -  2a ^  = 200 m illigauss), 
the linew idths being about 300 m illigauss these pa irs  of lines overlap.
No observable structure from  the second arom atic rin g  has been observed, 
even though in  compound XI,the fT -system  may be considered to  extend over the 
whole m olecule. If, in  fact, there is  any coupling, then it  w ill be less than 300 
m illigauss overa ll, i.e . aQp w ill be less than 100 m illigauss, and, due to the 
resolving power of the instrum ent, th is  would not be observable.
Coupling to the second arom atic system in  compound I  is  less lik e ly  as the 
system is  not expected to extend over an ester linkage.
The line  widths in  the two compounds are almost identical, being about 300 
m illigauss, one ha lf o f the a ^  values.
Coupling to  the second arom atic system in  compound I  m ight also be expected 
to take place, by analogy w ith  the radica ls form ed by oxidation of ethyl and m ethyl 
M-hydroxycarbamates, where the alkoxy-protons possess coupling constants of 
about 1.0  gauss (67). However, none is  observed and it  can only be assumed
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that the substitution of the N-proton by N -a ry l groups d ra s tica lly  affects the 
electronic d istribu tion  so that coupling to the more distant groups is  greatly re ­
duced.
SE C T IO N  9
GENERAL DISCUSSION OF COUPLING CONSTANTS
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A comparative discussion of some of the salient features aris ing  fro m  the 
coupling constant of a ll the compounds considered in  th is  thesis was thought to be 
o f importance. C ertain features are seen to be common to several of the classes 
of compound w hile others are seen to contrast.
Every compound studied was derived fro m  an N-  aryIhydroxylam ine w ith  its  
N -proton substituted. The compounds of the fo rm  ArNQHR, were a ll converted 
to substituted n itroxide rad ica ls, of the fo rm  ArNOR and, because of th is  com­
mon structure, the ESR spectra a ll had certa in  s im ila ritie s .
Thus every spectrum consisted of three alm ost identical groups of lines, in
general com pletely separated fro m  each other, showing that the coupling constant 
14to the N nucleus was much la rg e r than to any other magnetic nucleus. The 
coupling constants of the various compounds are given in  Tables 6 , 11 and 12 
and i t  is  seen that, in  every case, the ra tio  fo r nitrogen to that fo r the ortho and 
para arom atic protons (the next largest coupling constant) is  4 .3  o r greater.
I t  is  an interesting fact that the m a jo rity  of a^ / aQ values lie  w ith in  only 4% of 
5. 0, the exceptions depending more on substituents on the arom atic rin g  than on 
the N-substituent R .
D iary 1-hydroxyureas and Kenyon type compounds were prepared w ith  rin g  
substituents and, in  general, the effects on the various coupling constants were 
p a ra lle l in  the two classes of compound. Thus the p-diphenyl compounds both
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had vary low aT_ values. Ortho substituents increase the a values in  both N N
types of compound w hile, at the same tim e, m arkedly decreasing the coupling to 
rin g  protons. Th is, i t  was seen, was caused by a s te ric  effect, tw isting  the 
arom atic rin g  re la tive  to the nitroxide group and consequently decreasing the 
unpaired electron delocalisation through a reduction of the overlap of the 7T -  •. 
system s. It was seen to contrast w ith  observations on arom atic n itro  anions 
where a s im ila r effect only occurs when there are two ortho substituents present. 
Both the N-substituents were thus seen to be suffic ien tly  large to prevent the 
arom atic mono-ortho substituent taking up the position anti to  the n itroxide and
i  :
also an in-plane t i l t  was seen to be un like ly due to th e ir size. The tw is t about 
the N -arom atic bond becomes necessary to remove the close p rox im ity  of the N, 
and the arom atic ortho, substituents.
The nitrogen coupling constants fo r the Kenyon type compounds lay between 
11.6 and 14.0 gauss w hile the substituted ureas had values between 8.8 and 9.6 
gauss. The two miscellaneous condensation products gave rad ica ls whose a 
values were 7.28 and 7.66 gauss. These differences are explained by va ria ­
tions in  the TT -delocalisation of the unpaired electron fro m  the n itroxide to the 
carbonyl and other groups. In the Kenyon compounds there is , o f course, lit t le  
delocalisation, there being an almost pure C  -bond between the nitrogen and the 
sp3 te rt-b u ty l like  carbon. W ith a ll the other compounds there is  a carbonyl 
group ot to the nitrogen which, due to conjugation, is  highly lik e ly  to  have a
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large spin density. This is  not d ire c tly  observable as a hyperfine sp litting  as 
neither of the nuclei is  magnetic; however, the secondary effect is  to reduce the 
spin density on the re st of the molecule and th is  is  seen as a reduction in  both 
nitrogen and arom atic proton coupling constants.
Further delocalisation onto the more remote parts of the molecules would be 
expected as there is  a considerable double bond character beyond the carbonyl 
groups. The compounds form ed from  benzoic acid anhydride and from  ch lo ro fo r- 
mate m ight even be thought to  extend th e ir delocalisation onto the second arom atic 
rin g . In no compound, however, has any coupling been observed to groups£3 
to  the n itrox ide . I f  indeed any coupling does take place, then it  would have to 
be nearly 100 tim es sm aller than to the nitroxide nitrogen and, to  observe th is , 
an instrum ent w ith  much greater resolving power would have to be employed.
This comparison w ith  compounds possessing a large delocalisation onto 
carbonyl groups -  but no observable coupling to magnetic nuclei p  to the n itroxide -  
makes the case fo r a hyperconjugative coupling to the £  -m ethyl group in  the 
Kenyon compounds even more convincing. This coupling, seen in  nearly a ll 
Kenyon radica ls w ith  a lkyl substituents on the arom atic ring , has in  every case 
a coupling constant of ju s t over 400 m illigauss which is  only 30 tim es sm alle r 
than to the n itroxide nitrogen.
The d iffe ren t classes of rad ica l contrast w ith  each other in  th e ir s ta b ility . 
Although a detailed study of th is  subject has not been made, i t  appears that the
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s ta b ility  of the rad ica ls in  solution increases in  rough proportion w ith  the tim e 
required to oxidise th e ir condensation products in  th e ir preparation.
In  a ll the rad ica ls studied, the ortho and para proton coupling constants, 
where obtainable, had equal values to w ith in  the experim ental resolution of the 
instrum ent. Likewise the coupling constants to rin g  m ethyl and ethyl groups 
were, w ith  the exception of ortho substituents, the same as the replaced protons. 
This la tte r effect is  consistent w ith  other w ork (68) where hyperconjugation has 
been observed, the fo rm er seems to apply to uncharged rad ica ls only, c . f .  n itro  
anions (53) where there is  reported to be a marked difference between a^ and a^.
An interesting non-equivalence has been reported recently (69) between the 
ortho-protons in  the anions of nitrosobenzene and of azobenzene. This is  thought 
to  be due to a re s tric ted  ro ta tion  of the arom atic rings about the A r -  N bonds.
E was not observed in  the neutral n itroxide radicals however -  th is  presenting 
fu rth e r evidence fo r the equivalence of the para w ith  both the ortho protons -  and 
no reason was given fo r the difference w ith the anionic species.
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Appendix 1
Determination of the g-Value for the Phenyl Kenyon Radical
The absolute determ ination of g-value invokes the use of the basic ESE 
equation:-
' - vr"
h ^  e
g "  /3 H
(see Section 2) where >) (the microwave frequency) may be measured d ire c tlye
and H (the magnetic fie ld ) may be determ ined using a Proton Magnetometer, the 
construction and use of which is  given in  Section 3*3.
The accuracy to which the magnetometer frequency may be measured is  
set by a heterodyne beat frequency m eter (army surplus type BC221- AF) and is  
1 p a rt in  13000. However, the lim itin g  accuracy of the technique is  set by the 
measurement o f the microwave frequency which is  obtained by using a tuneable 
absorption cavity wave m eter (Wayne K e rr L td *, type SP1) w ith  a m icrom eter 
d ia l. D ia l positions can be measured to fou r significant figures w hile the d is­
crim ina tion  is  quoted as being better than 1 pa rt in  2000 o f frequency.
The experim ental method was as fo llow sr-
The spectrom eter was set up w ith  the rad ica l in  the cavity, the output fro m  
the 100 kc /s  tuned am p lifie r being fed d ire c tly  to an oscilloscope, the tim e base 
o f which was set to 50 c /s . The 100 kc /s  modulation power leve l was set to  its
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maximum value and a 50 c /s  voltage applied to the magnet modulation coils.
The fie ld  was manually adjusted u n til an absorption was observed on the osc illo ­
scope and by alternate manipulations of the 50 c /s  voltage amplitude and fie ld  
strength the absorption was centred and made to f i l l  the oscilloscope screen. 
Reduction o f the 100 kc /s  modulation amplitude improved the resolution of the 
absorption peaks but decreased the amplitude -  a compromise had to be found.
Meanwhile the proton magnetometer probe was placed next to the ESR cavity 
such that the two were positioned along the magnetic fie ld  axis. The audio­
frequency output fro m  the magnetometer was connected to the second beam of the 
oscilloscope and the oscilla tion  frequency adjusted u n til a sharp absorption peak 
appeared on the screen. Small adjustments of the osc illa tion  frequency allowed 
the magnetometer peak to coincide w ith  the centre o f the ESR absorption.
The amplitude o f the 50 c /s  modulation had then to be reduced and by sm all 
a lterations of the fie ld  strength and magnetometer osc illa tion  frequency the 
coincidence o f the centres of the two absorptions was m aintained. W ith the 
m inim um  50 c /s  modulation (corresponding to a fie ld  change of about one gauss) 
the fin a l adjustments brought the two centres in  line  once m ore.
A t th is  point the magnetometer frequency was measured. This was ca rried  
out by using a radio rece iver (army surplus type R1155) and the beat frequency 
m eter. The rece iver was used to p ick up the osc illa tion  frequency, detect i t
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and give an approximate value to the frequency* The precise value was obtained 
by tuning the frequency m eter u n til i t  beat w ith  the magnetometer giving an audio 
frequency on the loudspeaker of the rece iver* The frequency value was obtained 
from  a calibrated ve rn ie r scale when the beat frequency was reduced to zero*
As soon as possible a fte r the determ ination of the magnetometer frequency, 
the m icrowave frequency was measured by tuning the wave m eter*
The magnetometer frequency *v > once determ ined, enabled the magneticm
fie ld  to be calculated using the re la tion
H = 2.3487 x1 0  ^ mA
which is  va lid  fo r a ll proton samples at resonance.
Results fo r g determ ination of a benzene
solution of the phenyl Kenyon free rad ica l
Magnetometer frequency 0  = 13.794 M c/sm
Microwave frequency 0  ^ = 9097 M c/s
Magnetic fie ld  H corresponding to 0
-4  -Q= 2*3487 x1 0  x  13*794 x10  = 3239.8 gauss
h -0 e  6.0252 x  10~27 9097 x lO 6 ...........
g = /S IT  = 9:2732x‘'Io-” l  x  3239*8 = 2- ° 061
This value of g compares w e ll w ith  2.0057 ± 0002 found by Holden et a l (45).
Appendix 2
The present section includes only the in fra -re d  spectra o f the various con­
densation compounds re fe rred  to e a rlie r in  th is  w ork. A  key to the spectra is  
included (Table 13).
A ll the spectra were run as Nujol m ulls on sodium chloride plates using a 
Grubb Parsons spectrophotometer type GS2A , The range covered was 2.5 to 
15 U , the scale being linea r in  wavelength.
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Table 13 
Key to In fra -re d  Spectra
Fig* No. Compound
33 a Phenyl Kenyon compound
33 b Phenyl Kenyon compound (a lkyl chain deuterated)
33 c Phenyl Kenyon rad ica l
33 d Phenyl Kenyon rad ica l (a lkyl chain deuterated)
34 a Phenyl Kenyon compound (hydroxyl group deuterated)
34 b Q rtho-to ly l Kenyon compound
34 c P ara -to ly l Kenyon compound
34 d P a ra -to ly l Kenyon compound (a lkyl chain deuterated)
35 a M eta-to ly l Kenyon compound
35 b M eta-to lyl Kenyon compound (a lkyl chain deuterated)
35 c Para-ethylphenyl Kenyon compound
35 d Meta-bromophenyl Kenyon compound
33 a Para-m et hoxypheny 1 Kenyon compound
36 b Para-ethoxyphenyl Kenyon compound
36 c Para-diphenyl Kenyon compound
36 d 1-Naphthyl Kenyon compound
37 a N -phenyl-H -hydroxy-N '-l-naphthylurea
37 b N-phenyl-N -hydroxy-N !-o -to ly lu re a
37 c N -p-to ly l-N -hydroxy-N ’-phenylurea
37 d N -m -to lyl~N -hydroxy-N T-phenylurea
38 a M~p-diphenyl-N-hydroxy-Nf-phenylurea
38 b N -phenyl-N -hydroxy-N ’-phenylurea
38 c M -2,4-dim ethylphenyl~N-hydroxy-N,-phenylurea
38 d N - o rth o -to ly l- N -hydroxy-NT-phenylur ea
39 a N-pheny 1- N -benzoy lhydr oxy lamine
39 b M-phenyl-N-hydroxy-phenylurethane
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(a)
2.5
<b)
2.5
2.5
3.5
3.5
3*5
4.0 5.0
w
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4.0 5.0
154.*0
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Fig. 33
Fig. 34
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(b)
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(c)
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(d)
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U \ J
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Fig. 36
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